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Abstract
The aim of this project was to develop methods to assess the suitability and reliability of
silicon-based piezoelectric micro-electro-mechanicai systems (MEMS) energy harvesters to
capture the kinetic energy of the heartbeat in an implanted cardiac pacemaker. The major
challenges of the work were that harvesters for vibration frequencies below 100 Hz have not
been widely reported and the system requires reliable operation over a long lifetime. In this
work device modelling was used for harvester design assessment. Experimental test
methods and equipment were developed to produce data to validate the device models and
to assess device reliability.
A 2D analytical model and a 3D finite element method (FEM) model to predict displacement
and power were designed and developed. Three commercial off-the-shelf (COTS) PVDF
piezoelectric energy harvesters, were used for model development and validation while the
MEMS silicon harvesters were fabricated. The COTS harvesters were also used in the
development of experimental test methods and equipment. Tyndall National Institute
produced two energy harvester designs and both were analysed under sinusoidal base
excitation. Less than 1% error was achieved between modelled and experimental results at
resonance. Once validated, the models were used to predict the energy harvester's
reliability. Device failure analysis in initial reliability testing, showed good agreement with
model predicted behaviour. Finally, the models were used with measured heartbeat
acceleration profiles to predict power generation from a human heartbeat.
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Chapter 1 Introduction
1.1

Background

Not many devices have such a high cause for complete reliability as an implanted cardiac
pacemaker. A single failure could be fatal as these are life sustaining devices. This work is
part of collaborative project to investigate the possible use of energy harvesting technology
to autonomously power a pacemaker implanted within the heart ventricle. The piezoelectric
conversion of heartbeat vibration energy in the pacemaker has a 100% reliability target to
operate for more than 12 years and a complex multitude of other design space limitations to
comply with. Not only does the device have to be designed to be reliable but also durability
and biocompatibility are required as it is an implanted medical device. The reliability
requirements of the energy harvester are that it must produce sufficient energy to power a
pacemaker without fail for at least 12 years, while located in the right ventricle of a human
heart.

Figure 1-1 Location of Current Pacemakers [1]

Conventional pacemakers require battery power to last the life expectancy of 5 to 10 years
[2]. With the power densities available, these batteries are too large to suit an implanted
intracardiac pacemaker. This necessitates pacing leads as shown in Figure 1-1 [3]. These
often cause discomfort and infection for the patient, along with electrical issues such as
insulation deterioration and lead fractures [4]. This problem could be overcome if it were
possible to harvest the mechanical energies from the heartbeat using an embedded energy
harvester. Embedded energy harvesting has generated more interest in recent years as the
desire to have portable, wireless or embedded technology increases. Piezoelectric materials
have received much attention due to their ability to convert mechanical strain directly into
electrical energy. However, much of this work has focused on higher frequency ranges
above 100 Hz as it is difficult to generate usable energy from lower frequency vibration

sources as energy is an accunnulation of power over a number of cycles and a low cycle rate
means a low accumulation rate. Since the main energy in the vibration spectrum of the
beating human heart is concentrated below 50 Hz, there has been little development of
MEMS energy harvesters targeted at this application.
In addition to the low vibration frequencies, the confined space in the human heart, the
shape of the ventricles and the requirement to implant the intracardiac pacemaker through
a vein constrain the pacemaker shape to a cylinder less than 6 mm diameter and 40 mm in
length. This cylinder has to also contain all the conventional pacing electronics, leaving only
very limited space for an embedded energy harvester that needs to generate power in the
3-5 pW range [5], [6]. The circular cross-section of the cylinder also limits the maximum
displacement of a planar MEMS harvester. These combined constraints demand a novel
harvester and new approaches to design, modelling, fabrication and testing [7]. To predict
the power capabilities and reliability of such a device and to explore the full design space,
accurate models are essential. This research reports the successful development of two
models, validated by experiment, capable of accurately predicting the displacement and
power of clamped-free cantilever type piezoelectric energy harvesters. The novel concept of
a recharging pacemaker required the design and fabrication of a unique piezoelectric energy
harvester. While the project harvesters were under fabrication, a variety of commercial offthe-shelf (COTS) energy harvesters were purchased for the development and validation of
both 2D and 3D models along with test structures and equipment validation.

1.2

Current Solution

The heart has always provoked intrigue since the beginning of scientific investigation, and
the heartbeat is a distinct sign of life. A heart has a natural pacemaker called the sino-atrial
(SA) node, which sends an electrical signal through nerves around the muscle tissue [8].
These signals cause the muscles to contract and in turn rhythmically pump blood around the
body. In some people the SA node fails to cause the heart to contract at its normal rhythm
causing an abnormal heartbeat or arrhythmia. People with these conditions can suffer from
dizziness, shortness of breath, fatigue, angina, heart failure and even heart attack [9]. This is
when an artificial pacemaker is required. Most current pacemaker designs consist of a core
unit called a pulse generator and a pair of pacing leads. The pulse generator is too large to
be placed in the heart itself, so it is inserted under the patients' collar bone. The pacing
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leads then run intravenously down into the heart to carry the small electrical impulse used
to keep a normal beating rhythm. There are many drawbacks to these designs all stemming
from the central issue of battery power. A typical pacemaker battery is semi-circular with a
radius of about 3 cm and a depth of 6 to 8 mm [2]. This is the reason the pacemakers pulse
generator is too large to be placed in the heart. The procedure can leave a visible lump and
scar on the chest, there is often a loss of shoulder mobility, it can cause infection and there
may be re-entry issues if the body rejects the positioning of the first procedure. However
the major design issue is the limited lifespan of the batteries themselves. The best results
have been up to 12.4 years battery life but the average time between changes is just 7.1
years (86.7 ± 6.8 months) [10], [11]. With people living longer and receiving pacemakers at a
younger age, several of these invasive operations in a lifetime are becoming more common.
Older patients are the most at risk and often suffer complications such as infection or
bleeding during the procedure. It is estimated that 70 to 80% of all pacemakers are
implanted in people who are 65 years of age or above [12]. This is why the self-charging
pacemaker is such an attractive alternative.
To alleviate some of these issues there have been some improvements on the current
design. Tackling the problem of pacing lead infection and the bulky pulse generator a series
of leadless pacemakers are under development. These miniature devices provide an
alternative for patients who require single-chamber ventricle pacing [11]. The small
capsulated units house the entire workings of a traditional pacemaker while occupying
approximately 10% of the volume.

Entering through the groin area and travelling

intravenously using a steerable catheter, the pacemakers are secured into the tissue at the
base of the right ventricle using a helical screw or prongs. This procedure is faster and less
intrusive than the conventional pacemaker's insertion and patients are generally released 24
hours after the operation. [3] The difference in location between a traditional pacemaker
and an implanted pacemaker can be seen in Figure 1-2.

l EAIHESS PACEMAKER

Current pacemaker

A

Figure 1-2 Location of Proposed Pacemaker [13]

With current implanted pacemakers having up to a 12.4 year battery life and no leads to
cause infection and discomfort, these devices show great potential [14]. However they do
have drawbacks and complications associated with them. Lasting 12.4 years would only be
possible at 50?^ pacing, at 100% pacing the device would only last 8.4 years, (pulse
amplitude 2.5 V, pulse duration 0.4 ms, rate 60 bpm, and impedance 500 ohms) [14]. Also
suboptimal positioning may be an issue and this would require a second operation. Other
issues such as pulmonary embolisms, dislodgements and migration into the pulmonary
vascular have all arisen[ll], [14].

-4
Figure 1-3 Medtronic's Bullet Sized Pacemaker [15]

Figure 1-3 shoves the scale of the implantable pacemakers currently available from
Medtronic (medical device company). The "Medtronic Micra" as it is known, has an
estimated 12 year life and is smaller than an AAA battery [15]. However the major problem
with this device is that it is still battery operated and therefore pacemaker changes are still
obligatory. Removal of the pacemaker from the heart is another very invasive operation and
can cause further complications [16].

1.3

Proposed Solution

Taking the positives from the leadless pacemakers and trying to improve their drawbacks, is
in essence the aim of this project, which from here on will be referred to as the MANpower
4

project. The small capsulated design located in the right ventricle is a promising strategy.
With the incorporation of an inbuilt energy harvester in theory eliminating battery changes,
this could revolutionise the cardiac pacemaker industry. The proposed novel solution is to
scavenge the kinetic energy from the hearts motion as the energy source. Different Kinetic
energy harvester designs will be assessed for reliability through research and finite element
modelling before a final design is chosen.
1.4

Design Limitations

Before individually assessing the three energy harvesting methods, a review of the common
design challenges will be conducted. The pacemaker and all its workings will be in a single
capsulated unit, with a portion of this capsule designated for the energy harvester.
Design space available is a 5.5 mm diameter cylindrical shape 10 mm long, this volume of
0.95 cm^ must contain all the energy harvester components.
•

All the materials used must be non-magnetic as the device must be able to pass
through an MRI machine.

•

The device must also be biocompatible as it will be implanted within the heart.

•

The heart movement is very difficult to simulate and accurate simulation will be
essential for reliability assessment.

•

The heart beats at such a low frequency the vibration energy available is between 20
and 30 Hz. It's hard to harvest significant energy at frequencies this low as power is
proportional to the cycles per second.

•

The orientation of the capsule within the heart cannot be exactly predicted. This
means gravity force will have to be assumed.

•

Very limited test specimens will be available for practical testing.

•

Material properties at micro scale are hard to predict.

•

The large aspect ratios make modelling more complex and can cause meshing issues.

1.5

Research Objectives
•

Understand the current energy harvesting technologies available and expand upon
existing research reported in literature in the field.

•

Use commercial off-the-shelf piezoelectric energy harvesters to develop both an
analytical model and a finite element model of cantilever type energy harvesters.
5

•

Develop a portable mini vibrational shaker that can be used to excite the energy
harvesters at controlled frequency and acceleration levels.

•

Experimentally measure the electrical and mechanical performance of the energy
harvesters being developed for the project by Tyndall National Institute.

•

Use experimental data to validate models.

•

Use models and sheep heart acceleration data to predict available energies that
could be harvested from a human heartbeat.

1.6

Thesis Overview

Chapter 2 consists of a review of the relevant literature in the chosen area of research, and
different methods of energy harvesting will be assessed for their suitability for the
application. As reliability is such a major requirement of the project, different reliability tools
will be discussed and the reliability requirements of the pacemaker will be established. Risk
and typical failure modes of similar devices will be reviewed, as well as a look into the
background of both 2D analytical and 3D finite element analysis modelling.
In chapter 3, both 3D computer simulated finite element models and 2D analytical models
will be developed. The two modelling techniques will be used to replicate results previously
reported in literature to do an initial validation, as well as being compared to one another.
In chapter 4 the device test environment will be discussed. Equipment such as a high speed
camera, laser displacement sensors and an electromagnetic shaker will be analyses, to
assess their suitability for measuring the performance of cantilever type energy harvesters.
Using an audio speaker to create a portable shaker, that could be used to excite cantilever
type energy harvesters is an objective of this research, in this chapter the design and
development of said mini shaker is also discussed.
The objective of chapter 5, is to experimentally analyse both the shop bought commercial
off-the-shelf piezoelectric energy harvesters, as well as the project harvester being
developed by Tyndall national institute. The analysis is aimed to identify whether or not
each harvesters is suitable for modelling. Before the harvesters are experimentally measure
for model validation, it is important to verify they respond as intended and are undamaged.
In chapter 6 the results of the research will be presented and discussed.

In chapter 7 conclusions will be drawn from the work presented in chapters 1 through 6. The
accuracy of both the 2D and 3D modelling approaches will be evaluated, and the feasibility
of harvesting the mechanical vibrational energy from a human heartbeat, to power an
implanted pacemaker will be concluded.

Chapter 2 Literature Review
2.1

Design Challenges

In order to make a device self-sustaining, it requires the ability to recharge through the
inclusion of an energy harvester. An energy harvester scavenges energy from its ambient
environment through a direct energy conversion [17]. There are generally four main
ambient energies available to be harvested; thermal, mechanical, chemical and radiation
energy [18]. For an implanted medical device there are two types of energy sources
available. The first being ambient energy from the human body itself, such as kinetic energy
caused by motion or to use the body's natural temperature regulation as a source of
thermal energy. The second type involves harvesting energy from the surrounding
environment, such as solar or radiation [19]. Although both have advantages and
disadvantages,

the

environmental

energy

harvesting

has

some

quite

apparent

complications. The energy source will not be constant as the environment will not be
constant, and a continuous energy source is a necessity for the pacemaker. Also having to
wirelessly transfer the harvested energy into the implanted device, although in theory
possible, is just not an attractive option. It's not attractive firstly because of the
inconvenience of having to have an external transmitter to power the internal device, which
means a loss of freedom. Secondly there are often side effects such as a rise in skin
temperature with the power transfer causing discomfort [19]. This leaves the option of
harvesting energy from the body's ambient energy. Looking first at thermal energy
capabilities within the body, it is known that with any temperature difference it is possible
to generate electrical energy from the flow of heat because of the Seebeck effect [20].
Because of the relatively constant temperature within the body, the power range available
for thermoelectric scavengers does not typically exceed a few hundred microwatts [19].
Although this would be sufficient, the heart is located so centrally in the chest cavity there is
little if any temperature variation, which rules out a viable thermal energy harvester within
the heart itself.
This then leaves the option of trying to exploit the kinetic energy available due to motion,
specifically the motion of the heart itself. There is an advantage in tapping into heart motion
as a power source, because it has an uninterrupted rhythmic cycle. This continuous beat
although small is repetitive, and if it is possible to harvest some of this energy it could be the
8

solution to the self-sustaining pacemaker. While it might appear by using the heart beat to
power a device to in essence make the heart beat is hinting towards a perpetual motion
machine, in reality it is more comparable to an alternator charging the battery in a car, to
create the spark in an engine. The challenge is to create a reliable "alternator" to charge
from a beating heart. There are three main ways of converting mechanical or kinetic energy
into electrical energy; piezoelectric, electromagnetic (magnetic induction) and electrostatic
[18], [19]. These three options will be analysed to assess their suitability. Figure 2-1 shows a
fall tree of energy harvesting methods available, with the green cells representing the most
promising solutions.

Energy Harvesting
methods for
implanted devices

Enviromental
Energy
Harvesting

Human Energy
Harvesting

'-----------------------

1
Thermal
Energy

Kinetic Energy
_

Infrared
Radiation

Wireless
Transfer

Capacitive

Ultra sonic

Solar Energy

s_______________________ _

Figure 2-1 Energy harvesting methods [19]

2.2

Piezoelectric Effect

Energy harvesting has gathered interest in recent years as the desire to have portable,
wireless or embedded technology increases. Despite processor speed and available memory
increasing over 250 times battery energy density in mobile computing has only increased
three-fold between 1990 and 2003 [21]. Therefore, harvesting the ambient energy we
encounter everyday seems to be a compelling option to explore. Piezoelectric materials
have received a lot of attention due to their ability to convert mechanical strain directly into
electrical energy. The piezoelectric phenomenon was first observed in 1880 by Pierre and

Jacques Curie who realised that by applying a pressure to a piece of quartz an electrical
potential could be produced between the two deformed surfaces [22], [23]. If an electrode
is attached to each of these deformed layers the charge can be harvested. The reverse effect
was discovered the year after, by applying an electrical current to the quartz crystal a
deformation occurred and the crystal began to vibrate as the charge was cycled [22]. The
charge produced by the piezoelectric material is dependent on the strain applied. However,
the materials themselves are often extremely brittle and susceptible to fatigue and cracking
when subjected to high frequency loading [21]. There have been many attempts to minimise
this issue, such as by using a more robust electrode layer the material could work in more
strenuous conditions. A common strategy now though is to form a piezoelectric fibres that
are aligned, laminated and then moulded in epoxy [21]. To set up piezoelectric material in a
way that it is useful for energy harvesting the conventional shape is a rectangular cantilever,
although the problem with this is there is a non-uniform average strain produced in the
piezoelectric layer [24]. With strain directly the cause of producing charge, an equal average
strain along the material close to its strain limit would be desirable. However, producing a
high strain at the base of the cantilever and very little strain towards the free end is usually
the outcome.
By evaluating how much strain the piezoelectric is experiencing this electric charge can be
predicted using modelling. Different piezoelectric material have different electrical
properties. Although piezoelectricity is a naturally occurring phenomenon, with the growing
number of applications and interest in the effect, artificially manufactured piezoelectric
composites have been developed and can demonstrate much better piezoelectric properties
[25].

Figure 2-2 PZT Unit Cell Structure [8]

10

One of the most common piezoelectric materials are Lead Zirconate-Titanates (PZTs). In
order to form these materials a perovskite powder is manufacture through mixing raw
materials at temperatures between 800 and 1000 degrees Celsius. A binding agent is added
to the powder and the mix is sintered into the required shape [26]. When cooled the PZT
cell structure formed is tetragonal (Figure 2-2).
When the piezoelectric PZT crystals are initially formed they are not aligned and do not take
on full piezoelectric properties. The process of aligning the crystals is called poling, which
involves heating the material above the Curie temperature allowing the molecules to move
more freely. Then by inducing a large electric field across the material the crystals align
themselves in a common direction. Once the material has cooled and the electric field has
been removed the crystals keep their new structure. Figure 2-3 (1) show the process before
poling where the crystals are randomly aligned. In this state, the material is void of any
piezoelectric properties, as the positive and negative poles cancel each other out. Figure 2-3
(2) represents the material during poling where the crystals are being pulled into the correct
alignment by the induced electric field. Once poling is complete a voltage can be produced
by applying a tension or compression across the material. This is because the crystals are
aligned to produce a charge in a common direction and a voltage accumulates with the
same polarity. Figure 2-3 (3) Shows the material after poling has been completed [25].
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Figure 2-3 poling of a piezoelectric material: (1) unpoled ceramic crystal, (2) during poling, (3) after poling. [9]

In order to maximise the efficiency of rectangular piezoelectric cantilevers, there has been
many studies conducted. Below is a list of some ways to increase the electrical performance
from the piezoelectric device;
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Attach piezoelectric material to a substrate; by attaching the piezoelectric material to
a substrate it will become more durable and more strain can be applied.
Move piezoelectric material off the neutral axis; by moving the piezoelectric material
off the neutral axis more of the material will be subjected to more stain [27].
Use a flexible Piezoelectric material; The more flexible the material the more strain it
will be able to withstand [21].
Increase the thickness of the piezoelectric layer; by simply increasing the volume of
the piezoelectric material a higher charge output can be generated [21].
Increase the thickness of the substrate; by increasing the thickness of the substrate
the piezoelectric material is pushed further from the neutral axis [21].
Increase the stiffness of the substrate; by increasing the stiffness of the substrate the
dome height will increase and in turn produce a higher more constant strain
throughout the piezoelectric material [21].
Apply a surface pressure rather than a tip load; by applying a surface pressure to the
cantilever rather than a tip load, a more constant strain can be exerted throughout
the piece [24].
Press cantilever over cylindrical support; by bending the cantilever over the
cylindrical support a constant bending moment can be applied to the whole beam
and will allow the maximum allowable strain to be reached along the entire length of
the piezoelectric material [24].
All of these solutions are trying to produce the same thing; subject as much piezoelectric
material to its strain limit as possible to produce the most charge. The challenge for this
research is to try ensure reliability while maintaining efficiency.
The major issue with the specific energy harvester being proposed for this project is the fact
it has to operate at such a low resonance frequency of just 20 to 30 Hz.
Natural frequency equation;

k
2.1)

(

m
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Where w„ is the natural frequency, k is the material stiffness and m is the mass. This means
it has to have a very low stiffness compared to the mass in order to have a low enough
resonance frequency to capture the energy from the heartbeat. As mentioned above,
increasing the stiffness increased the charge output, but to increase the stiffness and still
match the resonance frequency, the mass would have to be increased and the limited space
prevents this. Therefore, the optimum ratio of substrate to piezoelectric material to
generate the most charge while still remaining at the correct stiffness and being reliable will
have to be determined. This is one area that will be focused on during this research. There is
significant evidence that piezoelectric materials can yield substantial power from the motion
of internal organs, with practical voltage levels being reached [16].
2.3

Tyndall's Proposed Piezoelectric Energy Harvester

Tyndall National Institute is one of Europe's leading research centres in information and
communications technology and are a fabrication partner in the MANpower project. Tyndall
have been working on MEMS piezoelectric energy harvesters for many years and have had
success in optimising low acceleration biocompatible devices [28]-[30]. Figure 2-4 shows
Tyndall's proposed design for the implanted energy harvester. A key desire feature is the
size of the mass required to resonate the cantilever at the desired frequency of just 20 to 30
Hz. With the total length of the device just 8.2 mm and the cantilever only 6 pm thick, the
reliability of this MEMS harvester is a cause for concern. This is where theoretical simulation
models will be used to compile an analysis of how the harvester will respond when
subjected to an impulse representing the human heartbeat.

Figure 2-4 Tyndall's proposed Piezoelectric cantilever design
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2.4

Electrostatic Devices

Electrostatic devices are another method of converting mechanical motion into electrical
energy. Electrostatic energy harvesters complete this conversion through two steps; first
vibrations are converted into relative motion between two plate using a spring system, then
the two plates act as a variable capacitor and produce a charge due to their relative motion
[18], [31]. Electrostatic generators have received less attention than piezoelectric as they are
thought of as difficult to integrate into MEMS devices [32]. They are considered to have a
low level of output power and require an initialisation or start up voltage [31]. However the
major disadvantage of these devices is the need to control pm dimensions. The two plates
are separated by air, or any dielectric material, but with only a very small distance between
them [18]. Contact between the plates can cause a discharge and short circuit the system
causing failure.

electrode
movement

n.
R

electrode

J

Figure 2-5 Electrostatic Converter [33]

Electrostatic devices have the advantages that they can be produced at a low cost, as they
do not contain any piezoelectric or electromagnetic materials, as their size is reduced there
is an increase in capacitance, high coupling coefficients can be reached and high output
voltages are achievable [18], [32]. There are two types of movement that can be applied to
generate a potential difference between two variable capacitor plates. The first is to vary
the gap between the plates and the second is to vary the overlap. They both work on the
same principal and a suitable method can be chosen dependent on the design space
available. There are also two types of conversion principals:
•

Electret based electrostatic converters that use an electret to directly convert the
mechanical motion into electricity.

•

Electret free electrostatic converters that use charge and discharge cycles of the
capacitors. This setup requires a built in electronic circuit to draw the high voltage
14

charge from the capacitor [18]. They also require and initial charge and charge for
each cycle on order to harvest energy.
In order to use electrostatic generators at their most efficient, they have to be tuned to
match their natural frequency to the vibration source. Tuning can be managed through
changing spring stiffness or altering the proof mass. Simulation software is a very efficient
method of tuning a device in the design stage for optimum results in practical testing. This
simulation software will also predict the maximum stress the springs will experience under
load and designs can be altered accordingly. Research on electrostatic energy harvesters
have shown it is possible to harness energy from a 50 Hz vibration source [34]. Simulation
software was used to predict crack propagation and tune their device.
The simulation software was further used to show a device was conceivable that could
resonate with a frequency of just 10 Hz [34]. To reach such a low resonance frequency the
mass had to be increased and springs made longer, which in turn made the device very
fragile. This like the piezoelectric energy harvester is the main reliability issue. With the
variations in heart motion to develop a device that will remain reliable under all conditions
at such low frequencies will be extremely challenging. This method of using a simulation to
predict failure will be the main focus to test the reliability of the electrostatic device
proposed for this research. This is because at the micro-scale of the device it may be
infeasible to produce a working prototype within the project timeframe for practical testing.
The electrostatic energy harvester that has been proposed for the MANpower project as
shown in Figure 2-6, is a multilayer cylindrical design with a central mass. Each layer consists
of many interlocking capacitors half of which are free to vibrate with spring supports. The
central mass pulls half the capacitors up and down past their fixed partners like interlocking
fingers. As the capacitors move up and down the overlap changes, accepting a charge at low
voltage and delivering it at a high voltage as the plates move apart.

Figure 2-6 Proposed Electrostatic Energy Harvester
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With so many small intricate parts to run a simulation would be complicated, with mesh
generation posing the biggest issue. A 2D simulation may be used to complete the initial
reliability estimations and if the design shows promise, more intricate 3D models will be
tested. The electrostatic device has a promising power output but there is a worry about the
fragility of the design. If there is movement in any direction other than the central axis, this
could cause the capacitor plates to collide which would be unacceptable for a reliability
point of view. With such minute springs and a heavy mass, the possibility of sag under its
own weight is also an issue.
2.5

Energy Harvesters

Although the proposed design for this project is completely novel, there has been some
development in the area of biomedical energy harvesting. One paper on advanced materials
has reported a piezoelectric device with the intention of powering a pacemaker. The 1.7cm
by 1.7cm square of single crystalline (1-x) Pb(IVIg 1/3 Nb 2/3 )0 3 -xPbTiO 3 (PMN-PT)
piezoelectric material was used to pace the heart of a live rat, schematic shown in Figure 2-7
[35]. The device is intended to use the mechanical motion of the body in some way to either
charge a battery, or directly pace the heart. Fatigue testing of 30,000 cycles was carried out
with no signs of degradation and with an output of 145 pA and 8.2 V [35]. This device does
show the potential of piezoelectric materials, however there are some drawbacks to the
design. In order to power a pacemaker, a constant energy source is required. The heart and
the lungs are the only two constantly moving organs in the body, and to attach this device to
each of them would require open chest surgery. This is potentially high risk, and is why the
energy harvester encapsulated within the pacemaker is the strategy being explored.
PMN-PT Thin Film on Flexible Substrate

Figure 2-7 Schematic of proposed solution [35]
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Another promising MEMS energy harvester is a piezoelectric cantilever using a nickel tip
mass. Figure 2-8 shows a similar design to what has been proposed for the pacemaker, and
is a tried and tested method. However the resonance frequency of this device is 609 Hz and
produces a voltage output of 898 mV [36].

Si base

Figure 2-8 Cantilever piezoelectric energy harvester [36]

Herein lies the problem with MEMS generators, common natural frequencies generally
being between 100 - 10k Hz. It is extremely hard to achieve frequencies less than 30 Hz
while maintaining a reliable and efficient device [37]. To achieve such low frequencies for a
silicon based cantilever it needs to be as narrow, thin and long as possible. However this
requires a large chip size and will make it very easily fractured due to the brittleness of the
material [37].
With the ever increasing desire to have self-powered sensors for biomedical applications
and with human body movements slow and irregular, there has been some development of
some

non-resonant operated

energy

harvesters

[38]. The

motion

of limbs and

cardiovascular system all have low and often non-constant frequencies making it very
difficult to tune a device to capture the potential energy. This makes a non-resonant energy
harvester a very attractive option in theory. One design is to have a mass that forms the
moving plate for a parallel plate capacitor [38]. As the device experiences motion the mass
will move and a charge will be generated due to a change in overlapping surface area of the
plates. This device requires no springs and was proven to outperform resonance capacitors
for some low frequency large amplitude movements. However the charge generated was
unpredictable and not constant, this makes the system more suitable for a medical sensor or
transmitter. The energy harvester for the pacemaker requires a constant charge supplied
and a resonance energy harvester is more suited for this application.
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Another method of harvesting energy is to use an electromagnetic energy harvester (EMEH).
By moving a magnet through a copper wire coil an electric charge can be produced. By
constructing a tube with the coil wound around the outside a fixed repelling magnet at each
end acting as cushioning and a moving magnet in the middle, an effective energy harvester
can be achieved [39].

This device can then be shaken at low frequencies to produce

considerable power. Designed as a device to charge due to hand shaking motion, once
optimised through modelling an output of 568.66 pW was achieved at 6.7 Hz with an
acceleration of 1 g [39]. Although the low acceleration and frequency would suit this project,
the issue with the electromagnetic energy harvesting method is that it does not scale down
very well to produce useable power. This device when optimised was 66 mm long and 10
mm in width, these dimensions are just not feasible for an intra-cardiac device. The
magnetic materials also make it unsuitable for MRI which is a requirement of the device.
There is a type of energy harvester called piezomagnetoelastic energy harvesters which are
generally used under broadband random excitations often to power low power sensors [40].
These combine piezoelectric cantilevers with magnets to produce a nonlinear behaviour due
to their vibration in a magnetic field. An example of one is shown in Figure 2-9. The distance
between the magnets determines the equilibrium positions of which there are generally
three, two being stable. Under certain excitations the motion is often described as chaotic
and therefore the output voltage varies considerably [40], [41].

Figure 2-9 Bistable Cantilever using Magnetic Field Interference [41]

In Figure 2-9, da represents the horizontal distance between the tip of the cantilever and the
magnets and dg is the vertical distance. These devices are suited for scavenging from non
constant vibration sources. However with no magnetic materials to be used in the energy
harvester, piezomagnetoelastic's are not suited for the proposed implanted energy
harvester. Other nonlinear energy harvesters include fixed-fixed type cantilevers with a
mass in the centre as seen in Figure 2-10. When these devices are excited at their resonant
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frequencies the beams are forced to stretch in order for the mass to vibrate. As they stretch,
they can experience stress or stretch stiffening and this is turn can cause their resonant
frequencies to rise [42]. It works on the same principal as tightening a guitar string, as it is
stretched the frequency it resonates at increases. This causes a nonlinear response.

Figure 2-10 Fixed Fixed Cantilever with a Nonlinear Response

There has also been some previous investigation into harvesting energy from human body
motion, using the triboelectric effect. Harnessing the energy from breathing motion has
been researched by the University of Pittsburgh in an effort to develop the self-powered
systems desired today [43]. Triboelectric materials when rubbed together become
electrostatically charged, the most common example is rubbing a balloon of human hair. The
University of Pittsburgh used the waists expansion and contraction with each breath, to
bring Kepton and Mylar into contact with each other. They produced an average peak-topeak output voltage of 2.17 V using an experimental lung motion replicator [43]. This system
does give a large output voltage for a low frequency oscillation, however for triboelectric
power generation there needs to be a large relative motion. Trying to harvest energy from
the heart in this manner would not produce the required power and would put strain on the
heart. Also a critique of this paper would be that it does not give the power output of the
device only the output voltage. The power output is what will determine whether the
energy harvester has the performance requirements for the pacemaker.
The available energy from the heart is small in magnitude. Therefore, in order to maximise
the energy scavenged, the energy harvester would have match the resonance frequency of
the heart. This would boost the power but increase the complexity with an available
frequency of 20 to 30 Hz. To have a cantilever with such a low natural frequency, it will have
to be extremely thin, as there is such no space available to increase the length. In order for
the proposed electrostatic energy harvester to have the required resonance frequency the
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springs would have to be extremely small and the mass relatively large. This demonstrates
the immense challenge to reduce the resonance frequency of a device low enough to enable
energy harvesting from the heart. The micro-scale is why the reliability will be such a
concern and has to be incorporated at this design stage.

2.6

Reliability of Microelectromechanical Systems (MEMS)

With low mass, micro scale and electrical integration, MEMS technology looks to be the
future in many progressive industries. The micromachining technology that emerged in the
late 1980's has allowed for the development of a vast array of micro actuators and micro
sensors [44]. The first commercial MEMS sensor was released in the early 1990's [45]. They
have had a major impact in many industries, such as; biomedical, automotive, aerospace,
optical, mechanical engineering and electrical engineering. However being so small their
reliability often comes under question as they can be fragile and sensitive to shock loads. An
area where their reliability has been comprehensively tested is the multimillion euro
automotive industry. Here MEMS technologies are used extensively for many applications,
an example is in airbag deployment [46]. The MEMS collision detection accelerometers have
to work reliably in harsh conditions, where a malfunction could potentially be fatal. Through
finite element analysis, drop and crash tests these MEMS sensors have been improved
greatly and have proven themselves reliable for this application [46]. Unlike the automotive
industry, the limited number of tests specimens available for this research has put a big
emphasis on creating accurate models to predict performance and reliability. Ensuring
reliability will always be a major challenge when a customised solution is used with a limited
total number of devices fabricated.
Another area where the reliability of MEMS is being examined, is in the aerospace industry.
Space applications in theory are ideally suited for MEMS devices as space and weight are
valuable commodities on board a space shuttle. The only issue holding back these micro
devices is the debatable reliability in the extremely testing space applications. During launch
high shock loads are experienced along with elevated temperatures and radiation exposure,
these factors combine to cause a very hard-hitting environment [47]. Unlike the automotive
industry, there are very few launches to test with and this slows down development. With
space exploration already being incredibly dangerous and with previous disasters still fresh
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in memory, MEMS devices have to be proven reliable before being fully exploited for space
applications.
The approach of design for reliability in these space applications can be applied to design of
the energy harvester in this research project. First a test plan has to be drawn up to
determine the relevant failure modes or physics of failure, using a thought out physics based
approach [47]. By applying drive conditions such as thermal or mechanical shock, these
failure modes can be estimated and specific experiments can be designed to determine the
lifetime of the MEMS device. The aim here is to be able to evaluate the expected reliable
lifetime of the energy harvester in a much shorter time period than the lifetime itself, i.e.
the device must last at least 12 years but there are not 12 years available to test it.
Experiments and analysis designed to examine one main failure mode will need to be
performed in order to accurately accelerate that specific failure mode realistically. For the
energy harvester placed in the heart, fatigue will have to be looked at as a cause for wear
out and failure. Although it has a low acceleration, the average heart beats 65 to 80 times a
minute which is 34 to 42 million times a year. This cyclical micro mechanical shock will
provide the kinetic energy to power the pacemaker but could also accelerate it to failure.
Another failure mode that will be examined is a high shock load, which could be caused by
the subject with the implanted pacemaker falling over or jumping from a height. If instant
failure doesn't occur this impact could potentially cause micro-cracks to form and in
combination with the fatigue, failure could be accelerated drastically. COMSOL simulation
software will be used to try determine where failure is likely to propagate from, as limited
test specimens are available. Once a failure mode has been established, the design
arrangement or packing can be fine-tuned in order to minimise that failure mechanism [47].
Some common mechanical failure modes for MEMS devices are; delamination, shock and
vibration induced fracture, contact wear, fatigue, plastic deformation and stiction [45], [47].
There are methods of mitigating each of these modes of failure and there has been
extensive research in this field in recent years. For instance. Lucent Technologies have made
and commercialised micromirrors that use silicon suspension beams which show no signs of
fatigue or plastic deformation for over 2x10^° cycles [47], [48]. Although bulk silicon is not
susceptible to fatigue, on a micro-scale fatigue is often a problem due to an oxide layer
which builds up and facilitates crack propagation [49]. In order to avoid this, they ensured
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there was no metallic deposits on the silicon beam, it was in a moisture free environment
and the cycle's maximum strain was below 20% of the yield strength of the material [47],
[48]. This is very promising for the energy harvester as fatigue could be a route cause of
failure if the silicon based MEMS could not take the cyclical strain applied. There is an issue
that the energy harvester will have to work at resonance to generate enough energy to
power the pacemaker, and while at resonance the strain induced on the device may well rise
above 20% of the yield strength.
Shock and vibration induced fracture or contact wear may be the areas of concern for the
reliability of the energy harvester. Silicon based MEMS-structure can exhibit brittle failure as
well as elastic behaviour [50]. This means they are flexible enough to bend but can crack and
chip under shock loads. With limited space available for the energy harvester, the gaps
between moving parts are just microns. With a shock load potentially acting on any axis the
possibility of parts colliding is extremely high. These collisions could cause instant failure or
create micro cracks and/or chips in the brittle material [46]. It is a common belief that
MEMS devices are susceptible to fail under vibration load shock and in many cases it is true.
However if the device is designed for reliability, there can be ways to minimise the risk. With
MEMS devices having such low masses, even with a high acceleration, the force still remains
low. With this in mind, Sandia National Labs were able to demonstrate MEMS devices that
still functions after being hit with a 40,000 G shock showing the potential of MEMS devices
to be reliable in extremely harsh environments [51. However, these accelerometers are
designed to work as far away from resonance as possible to prevent them from failing under
shock loads. The energy harvester is designed to work at resonance and will therefore be
susceptible to failing under high shock. With this in mind, common design techniques can
still be used to promote reliability in the device, such as avoiding stress concentrations by
rounding corners and having suspended geometries symmetrical [47]. With all the design
space challenges and strict specifications, designing for reliability without effecting efficiency
has been the challenge.
In order to estimate long term reliability of a MEMS device one can perform accelerated
testing. In essence this is exposing the device to conditions that are more severe than the
actual environment it will experience in its operation. This will speed up degradation and
should indicate where failure is likely to occur first. This information can then be used to
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make alterations to the design if needs be or may prove the device will be reliable against
that specific failure mode. There are also unwanted accelerating factors that have to be
closely controlled such as humidity [47]. This will majorly accelerate most electrical and
mechanical failure modes and often necessitates the need to hermetically seal these
devices. As the pacemaker is an implanted medical device it will have to be sealed, both to
prevent blood entering the capsule and prevent contamination to the cardio vascular
system. The environment the capsule is manufactured in will have to be closely monitored
to control the internal humidity of the capsule. MEMS devices themselves only have limited
scope to be designed for reliability, as they are they are intrinsically mechanically fragile and
sensitive to harsh environments due to their size. This means they have to be combined with
a proper packaging method to increase their reliability. How the device is packaged may be
the critical aspect in designing this energy harvester to be reliable.
MEMS devices require micro fabrication methods because of their miniature size. These
delicate processes have to be extremely accurate to minimise defects. A standard process
used to increase the reliability of MEMS devices is the Burn-In process [47]. This process is
similar to the accelerated reliability tests but it is simply to weed out inbuilt weaknesses
during manufacturing. After manufacturing each device is subjected to a harsh environment
for a short period of time where any weakness should be revealed. If the energy harvester
does make it into production, this technique could be employed to ensure the reliability of
each device and significantly decrease the likelihood of a defective device being implanted.
This eliminates many device who are destined to fail during the infant mortality stage [45].
Here there may be a high failure rate, but by eliminating these devices before they are put
into operation the reliability of the product increases. Figure 2-11 shows the likelihood of a
product failing with respect to time. If the products that are going to fail in the infant
mortality stages can be identified, the expected reliability of the remaining products
increases.
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Failure rate

Figure 2-11 Failure Rate of new Products [45]

While designing a MEMS device there are two strategies that can be used to improve the
reliability of the product. There is the passive strategy, where measures and taken in the
design stage to improve the device reliability against particular failure mechanisms [45]. For
instance, through careful material selection a device can be made less prone to brittle
fractures. The other strategy is an active strategy, where changes or additions are applied to
the device in order to improve the reliability [45]. Here for instance, a layer coating could be
applied to a component to improve its shock absorbing properties. Using a combination of
both strategies will usually yield the best results for complete reliability.
There are many design for reliability techniques that give MEMS devices the reliability
required for critical applications. They have been accepted as reliable in the automotive
industry in harsh conditions. For a lifetime typically extending 15 to 20 years experiencing
vibrations of up to 30 g under normal condition and temperatures reaching 140° C, MEMS
based sensors with cantilevers, membranes or beam have been proven to be reliable [52].
Amalgamating this with other MEMS devices surviving 20 billion cycles while showing no
fatigue and another surviving a shock of 40,000 g it would appear reliability in theory could
well be achievable for this energy harvester [48], [51]. However contrasting this is in space
applications, where the question of reliability is the sole reason MEMS devices have not
been employed throughout shuttle technologies. The extremely harsh conditions may be
beyond the abilities of the current technologies on the microelectromechanical systems.

2.7

Design for Reliability (DfR)

Reliability is the probability that a particular item can perform its proposed function without
failure, under stated conditions for a predetermined length of time [45], [53]. Designing for
reliability is a thought out systematic approach that makes sure reliability is built into a
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product right from its initial conceptual design. This opposes the traditional test in process
that some products utilise or the mean time before failure (MTBF) many corporations still
use [54]. Designing for reliability aims to design out failures of the critical functions in a
system. This approach may slow down the design process but can be very beneficial in
eliminating reliability issues and promoting reliability confidence in the developed product.
Reliability can be looked at as demand and capacity; the demand is what is required from
the product such as functionality or environmental conditions. The capacity of the product is
how much it is able to offer, such as its robustness and in what conditions will it still remain
functional. If the demand does not exceed the capacity of the product it will remain reliable
[53]. In order to test and improve the reliability of a product, there are some activities that
have to be undertaken.
1. The requirements of the system have to be understood and goals set.
2. A plan has to be set for data collection using practical analysis and theoretical
modelling.
3. The data collection must then be performed in a controlled, precise and repeatable
way.
4. The failure modes have to be assessed and prioritised. Failure mode effect and
critical analysis (FMECA) is the reliability tool used for each test.
5. A plan to mitigate these failure modes has to be made.
6. Mitigations procedures have to put in place before data collection is repeated.
7. These steps may need to be repeated before a reliability confidence is achieved.
[53]-[55]
By applying these steps it becomes possible to develop a quantitative measure for reliability.
This measure can be compared to the reliability goals of the device or to verify that the
reliability requirements are in fact being met.
The energy harvester being tested for reliability in this research is in fact a subsystem of the
implanted pacemaker. Flowever the same test procedure can be applied and it can be
examined as a separate entity. The capsule that the energy harvester is situated in will have
to factor in its reliability evaluation. The reliability requirements of the energy harvester
are that it must produce sufficient energy to power a pacemaker without fail for at least
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12 years, while located in the right ventricle of a human heart. Not only does the energy
harvester have to be designed for reliability but it also has to be designed for durability and
biocompatibility also. These three factors will effect one another and all will have to be
considered during design changes. The energy harvester will be subjected to over 400
million cycles in its lifetime so fatigue will be a major concern. Multiphysics simulations will
be used to replicate these conditions as practical tests for this high number of cycles is
infeasible. Simulations will be the core data collection for reliability assessments with
laboratory testing used where possible for validation.
For the practical testing of the energy harvester, there are some reliability design tools that
can be used to gauge its predicted reliability. As it is a product with a long required life and
the reliability is critical throughout some established testing methods can be used. Highly
accelerated life tests (HALT) are commonly used in thermal and vibrations testing.
Temperature cycling on materials with different thermal expansions, exposure to elevated
temperatures, high humidity and salt-fog environments are typical tests [54].

Although

these tests are very useful for failure prediction that often cannot be accurately compared
to FEA simulations which makes validation and comparison a problem. With the main focus
of this initial research on modelling, comparable tests for validation will be essential.

2.8

Implanted Medical Device Reliability

Although the consequences of failure can be much worse when designing medical devices,
the design tools and principles employed are the same as regular devices. Richard C. Fries
book, titled Reliable Design of Medical Devices gives an excellent guide on how to build
reliability into a design from the conception stages [56]. The tools outlined in sections 2.6
and 2.7 are all used throughout the design process. To comply with the Food and Drug
Administration (FDA) regulations, medical device companies have to use statistical evidence
to prove to a certain level of confidence that each medical device it produces is reliable.
Implanted medical devices are generally classified as class 3 devices, which has the highest
risk associated with them. However, in this early prototype development stage, it is more
important to identify the possible failure modes of the energy harvesters, before trying to
generate statistical evidence to prove reliability. It is important to keep the strict regulations
in mind throughout the design stages though, as large changes to a design at a later stage
can be extremely costly.
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2.9

Analytical Modelling

When developing finite element models, as well as experimental validation it is important to
supplement the analysis with as much theoretical evaluation as possible. Analytical
modelling is commonly used to analyse the response and performance of piezoelectric
cantilever type energy harvesters [25], [59]-[63]. However, much of this work has focused
on higher frequency ranges above 100 Hz as it is difficult to generate usable energy from
lower frequency vibration sources, as energy is an accumulation of power over a number of
cycles and a low cycle rate means a low accumulation rate [64]. Since the main energy in the
vibration spectrum of the beating human heart is concentrated below 50 Hz, there has been
little development of energy harvesters targeted at this application. Although generally it's
not viable to generate useable power from these low frequencies, there have been a
number of models developed of cantilever beams with a resonant frequency as low as 10
Hz. These devices generally consist of a long cantilever beam (up to 0.5m), with a small
piezoelectric patch [25], [62]. This work is not directly comparable to the proposed MEMS
harvester but can be modelled using the same cantilever beam theory.
Using modal shape analysis and the electrical properties of the piezoelectric material,
accurate displacement and voltage predictions can be made. Both point force and base
excitation models have previously been developed to demonstrate how these energy
harvesters convert mechanical strain into an electrical charge [25], [59]. The energy
harvesters are modelled as fixed-free composite cantilever beams and the three most
common approaches are the Pin-Force method. Enhanced Pin-Force method and the Euler
Bernoulli method. The difference between the three methods is how they model the strain
induced in the piezoelectric layer. The Euler Bernoulli is widely renowned as the most
complex and most accurate of the three methods [25], [59]-[62]. Using the Euler Bernoulli
method there have been analytical models developed with reported accuracy of up to 99%
[25]. A well-developed analytical model can be used for energy harvester design
optimisation through parametric sweeps of beam parameters.

2.10

Chapter Summary

From the research into current pacemaker designs it can be seen that there can be
complications when the batteries have to be change. The procedure can lead to infections
and there are always risks associated with the general anaesthetic. As people are requiring
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pacemakers at a younger age than in previous decades and are living longer^ the short
battery life means people are facing an ever increasing amount of these battery changes in a
lifetime. Therefore the concept of being able to recharge the batteries from the heartbeat
itself could revolutionise the industry. The design limitations such as design space and MRI
compatibility meant many energy harvesting technologies had to be ruled out straight away.
Looking at previously reported MEMS energy harvesters, there has been significant research
and

impressive

power generated

from

piezoelectric cantilever designs. Two

key

requirements of the energy harvester is its low resonant frequency and its reliability. By
adding an appropriately sized tip mass a cantilevers resonant frequency can be tuned.
Looking at the reliability of MEMS devices, there have been reports of silicon based devices
showing no signs of fatigue when a design for reliability approached was employed and the
strain levels where kept below 20% of the yield strength. However it was also discovered
that silicon can be susceptible to brittle fracture if shock loads are applied. This showed the
importance of a full reliability analysis using the techniques outlined in section 2.6 and 2.7.
Although silicon cantilevers with a tip mass are a popular design for piezoelectric energy
harvesters, the low resonant frequency required would require a cantilever just 5 microns
thick. This made fabricating the energy harvesters more complex and in turn slowed down
the process. This also meant the energy harvesters would potentially be fragile. In order to
have fully developed and validated test methods before the project samples arrived, it made
sense to buy some commercial off-the-shelf piezoelectric energy harvesters. These
harvesters could also be used to develop both a 2D analytical model and a 3D finite element
model. There has been a great deal of previous work reported that use Euler Bernoulli
cantilever beam equations to develop accurate analytical models of piezoelectric energy
harvesters. Although they can't always incorporate the complexities that 3D models can,
they can make fast and accurate predictions and are widely used. 3D finite element models
can be used for the more complex simulations, in this project this included some measured
heartbeat acceleration data for instance. By using previous work reported in literature a
detailed plan could be developed in order to achieve the project objectives. By
understanding where people had made mistakes before, these mistake could be avoided.
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Chapters Modelling
3.1

Introduction

In this chapter both 3D computer simulated finite element models and 2D analytical models
will be discussed. Both modelling techniques have been widely used for the design and
analysis of piezoelectric energy harvesters and each has advantages and disadvantages. The
finite element analysis (FEA) simulation software used for this research was COMSOL
Multiphysics. Packages like this can be used in the concept generation stage to predict how
each parameter will affect the performance and response of a device. Parametric sweeps
can be used to optimise designs for reliability and efficiency, although depending on models
size this can be time consuming. To demonstrate this and to assess the Tyndall energy
harvester design, three silicon based piezoelectric cantilevers were optimised to produce
peak power for a constant tip displacement at a constant frequency. Substrate thickness,
piezoelectric thickness and length were analysed and the theory of impedance matching was
demonstrated. One advantage FEA models have over analytical models is they produce a
visual result and well as a numerical one. This was seen when comparing the predicted
resonant frequency modes using both

methods. To optimise an

FEA model for

computational time and accuracy, sometimes geometric simplifications can be used. For the
Tyndall harvester, this was not required as it is essentially a 2D shape extruded, but the
COTS energy harvesters had some design feature that did not affect the mechanical or
electrical performance and could be altered to reduce the simulation time. Mesh density
also has an effect on computational time and model accuracy. To demonstrate its effect on
the results, an analysis of increasing mesh densities was performed. As there are three
methods of applying damping in COMSOL models, each was analysed to assess which was
best suited to the application. Through this analysis 3D models were developed of both the
COTS energy harvesters and the proposed Tyndall design.
In order to develop a 2D analytical model of a piezoelectric energy harvester, previously
reported models were analysed. Based on Euler Bernoulli beam equations, these models can
predict the mechanical and electrical response of cantilever type harvesters. The first
analytical model developed was of a fixed-free piezoelectric cantilever, displaced with a
point force. The results were then compared to results reported in literature for a partial
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validation [25]. This models was then developed further to be excited through base
excitation, as it would be in the heart. At this stage a tip mass was added to the model also.

3.2

Chapter Overview

This chapter will begin by discussing the applications of computer simulation and its relevant
advantages and disadvantages. The software used for this research will then be introduced
before a detailed description of how the finite element models were developed. For the
purpose of model development, commercial off-the-shelf energy harvesters were
purchased, these will also be introduced in this chapter. The available methods of model
damping will be evaluated, before a number of piezoelectric cantilever beams are optimised
for power output, using FEA modelling. Important characteristics to be able to predict when
analysing cantilever beams, are the natural resonant frequencies. In this chapter there is a
comparison study complete, to compare 3D FEA modelling to 2D analytical modelling for
this purpose. A large portion of this chapter, is dedicated to analytical model development.
Three model types are developed, where different assumptions are made. The accuracy of
each will be compared to the FEA modelling approach and experimental data in chapter 5.

3.3

Computer Simulation

As the world continues to develop, focus has moved towards producing more
environmentally friendly energy, and technologies are evolving to keep in line with the spirit
of green. Reducing the requirements of high power devices has been teamed with
scavenging the abundant energy sources that nature has provided, such as wind, solar and
hydroelectric. The desire of wireless sensing has led to the development of energy
harvesters that try capture ambient energies, ranging from transient vibrations to passive
heat [65]. What all these devices have in common is the ability to convert one energy form
to another, and the efficiency at which they do this depends on how much energy is lost
during the conversion. In order to predict these losses computer simulation using FEA can be
used. FEA in the last few years has grown in popularity and is now a multimillion euro industry.
Numerical solutions can now be obtained for even the most complicated of problems [66].
Computer simulations can be used to perform multi-physics approximations to predict the
power capabilities of energy harvesters, while taking into account losses such as viscous
damping, mechanical losses and coulombic damping. These simulations allow for fast and
efficient design optimisation before experimental analysis is undertaken. Simulations are
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commonly used for piezoelectric cantilever analysis. They can be used to calculate Eigen
frequencies, displacements, stresses and strains of complex geometries where classical
equations often become obsolete [67]-[69].

3.4

Finite Element Method (FEM)

Finite element analysis (FEA) of a cantilever beam is one of the most common FEA models
there is, as it requires a relatively straight forward set up. However, a simulation model is
only as accurate as the constraints and parameters assigned by the operator, and there will
inevitably be a degree of error between reality and the constraints applied. Once this is
understood, simulations models are extremely useful and have almost endless capabilities.
With the constant advancements in computing power in the last few years, (FEA) has grown
in popularity and is now a multimillion euro industry. Numerical solution can now be
obtained for even the most complicated of problems. Designers can take advantage of this
theoretical modelling. However, FEA should be supplemented with as much theoretical
analysis as possible combined with measurement to validate [57]. This research intends to
do exactly that through experimental testing to verify the accuracy of the simulation model
and comparison with an analytical model. Using a simulation model is a very popular
approach as many factors and constraints can be tested against one another with relative
ease and in a short period of time, compared to experimental testing. By validating some
results analytically and experimentally, more faith can be placed in the model and it can be
used to further predict complex simulations. With this research aimed to test the reliability
and performance of energy harvester designs, where there will be few if any test specimens
available for each design concept, modelling will be essential for design analysis.
it is the general approach taken these days to use FEA simulation software to predict failure
modes of MEMS devices before field testing is carried out [58]. Their size makes
manufacturing complex and having an idea of the reliability of a design before even a
prototype is manufactured is advantageous. When it comes to design improvements,
simulations can also be useful. Rather than having to make changes to the design, produce a
test specimen and carry out testing, a simulation can be run. When a promising new design
is reached, then the prototype can be made for field testing. This technique has been used
in the automotive industry to improve MEMS accelerometer reliability [46]. The multiphysics
capabilities of the simulation software will allow for the energy harvester to be optimised
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for power output while not over stressing the materials. Assessing and improving the
reliability of the energy harvester is the aim of this research and FEA modelling makes it
possible to do this more effectively.
3.4.1

•

Finite Element Limitations

Large aspect ratios and intricate parts at micro scale are complicated to mesh.
o

With the energy harvester concepts being MEMS devices, they incorporate
some extremely thin layers. These layers often ore below the minimum
element size and cause for very fine meshes to be used. This con lead to long
computational times.

•

Materials properties unknown for micro scale.
o

Cannot always trust COMSOL's library of material properties as materials can
behave differently on a micro scale.

•

Difficult to validate models.
o

3.5

Low number of test specimens may make model validation complex.

COMSOL Multiphysics

The computer simulation software used in this analysis was COMSOL Multiphysics. This
powerful finite element solution engine is a combination of seven core modules, each
focussing on a specific application but can be used in combination with one another [70].
The modules available are: AC/DC, Acoustics, Chemical Species Transport, Fluid Flow, Fleat
Transfer, Structural Mechanics and Mathematics. The modules used were the structural
mechanics module containing the piezoelectric devices sub-physics and the acoustics
module containing the acoustic-solid interaction sub-physics. The three main studies that
were carried out on the different devices were the transient response, frequency domain
response and the Eigen frequency estimation. The transient response was used to examine
device response over a desired time period. Here interpolated data can be used as a form of
excitation, giving exact control of the displacement, velocity or acceleration profiles. Any
desired shock response can be analysed making it suitable for impulses representing the
heartbeat. The frequency domain analysis was used to excite the device with a sinusoidal
input, either through a base excitation, point force or prescribed displacement, velocity or
acceleration. It represents the response of the device in the steady state and any array of
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frequencies can be used. The Eigen frequency function was used to determine the natural
frequency of all devices simulated.

3.6

Commercial Off-The-Shelf (COTS) Energy Harvesters

For the purpose of model development, model validation, test environment design and
results processing, some COTS energy harvesters were purchased. They were required as
there was a low number of project samples available from the fabrication project partner
Tyndall National Institute. The selected devices were of a similar scale and had similar
resonant frequencies to the proposed implanted pacemaker harvester. Three energy
harvester types were purchased for the research. Two of the devices were simple cantilever
type energy harvesters, as seen in Error! Reference source not found.. Two thicknesses of
these harvester were purchased, 200 pm thick and 60 pm thick. The third type of harvester
was the Mini Sense energy harvester with a tip mass as seen in Error! Reference source not
found.. This was the closest representation to the proposed harvester both because it was
the smallest device of the three and as it included a tip mass. The resonant frequency range
of the three harvester types was 15 to 60 Hz.

Figure 3-1 Simple Cantilever Type Energy Flarvester

Figure 3-2 Mini Sense Energy Flarvester with tip Mass

The COTS harvesters were used to develop and validate both the FEM model and the
analytical models in preparation for the project harvesters. It was important to have a large
sample size for model validation in order to make sure the results were repeatable across a
selection of devices. The proposed project harvesters have a cantilever beam just lO's of
micrometres thick and are therefore extremely fragile. When developing the test procedure
and data extraction methods it was important to have a large selection of devices that could
be put through a number of trials without failure. Again the COTS harvesters were critical
here so that all the testing carried out on the project samples wasn't wasted by accidentally
breaking devices before any real data was recorded.
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3.7

Piezoelectric Energy Harvester Model Development

There were three models developed of functioning piezoelectric energy harvesters where
the results were compared against experimental data for validation. Initially commercial offthe-shelf (COTS) energy harvesters were used as they were readily available and of similar
scale and frequency to the proposed harvester that was designed specifically for the
implanted pacemaker. Using COTS devices allow for model design, development and
validation while the project harvesters (Tyndall Device) were fabricated.
3.7.1

Model Set Up

Ail three piezoelectric harvesters were modelled using the same key elements as all were
fixed free cantilever type harvesters excited through base excitation. The steps involved in
this process are as follows:
3.7.1.1 Physics
Choosing the physics of the model is the first step in the process and is dependent on the
type of simulation required. COMSOL Multiphysics allows the user to combine physics types
in a single study to see there interaction. For the piezoelectric energy harvesters, the Solid
Mechanics was used in combination with Piezoelectric Devices and Electrical Circuit.
3.7.1.2 Geometry
When constructing the geometry in a model, the goal is to get the maximum accuracy with
minimal computational effort. Complex geometries lead to meshing difficulties and may
have no influence on the simulation result other than to extend the computation run time.
When applicable 2D simulations yield accurate results fast. This was utilised when modelling
the energy harvesters as all three could be simplified to be modelled in 2D. When multiple
simulations were required, this saved a lot of time. Once the initial model development was
complete in 2D the harvesters were modelled in 3D for the final results. In 3D, geometrical
simplifications were made where possible while accuracy was maintained. An example of
this was with the COTS harvester with a mass shown in Figure 3-3. The circular rivet mass
was simplified to a rectangular block without changing the characteristics of the beam as
shown in Figure 3-5. Although it was possible to be modelled as a cylinder (Figure 3-4) the
shape of the mass had no effect on the result as long as its volume and centre of mass
remained the same.
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Figure 3-3 MEAS Mini Sense Vibration Sensor

Figure 3-4 COMSUL 3D Model of Vibration Sensor with
Circular Mass

Figure 3-5 <^OMSOL 3D Model of Vibration Sensor with
Rectangular Mass

3.7.13 Material Properties and Orientation
Although the COMSOL material library contains most common materials it is important to
make sure all material properties match device material properties. The COTS energy
harvesters' substrate was a polymer (Mylar) which COMSOL did not have in the library. In
order to simulate the Solid Mechanics, the material density, Young's modulus and Poison's
ratio had to input from the device datasheet. The orientation of the material is applicable if
an anisotropic material is used or if the piezoelectric material has been polarised.
3.7.1.4 Appropriate Boundary Conditions
Both the structural and electrical boundary conditions have to be set up accurately in order
simulate realistic results. For instance, while measuring the resonant frequency of each
device, the base domain had to be given a fixed constraint while all other domains remained
free. However when looking at base excitation models prescribed velocity or acceleration
boundary conditions were used. The electrical boundary conditions consisted of selecting a
ground and external terminal for the piezoelectric and designing the appropriate electrical
circuit with the desired resistance. Under or over constrained models can result in
inaccurate results or models that fail to simulate. The damping value input to a model will
have a significant influence on the result and damping needs to be measured experimentally
and input in the appropriate format. With the three energy harvesters, Rayleigh damping
coefficients were used as they could be calculated from the experimentally measured
damping ratio.
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3.7.1.5 Meshing

When meshing, there is an inversely proportional relationship bet\A/een mesh density and
computation time. A mesh evaluation study was carried out with COMSOL and it showed
that an "extremely fine" mesh was not required to generate accurate results. For each
model the mesh density was increased until there was a less than 1% error between results.
The free tetrahedral mesh works with most geometries. However, it can have problems
when there are very thin layers as thickness's fall below the minimum element size. In this
case a custom mesh is required. Taking the COTS Mini Sense energy harvester with a mass
as an example, the mesh generation began with a free triangular mesh on the piezoelectric
surface as seen in Figure 3-6. A swept mesh was then used to cover the mass and base with
a free quadrilateral mesh as they did not require the accuracy of the piezoelectric material.
This is depicted in yellow in Figure 3-7. The Complete mesh consists of 9008 domain
elements, 5830 boundary elements, and 622 edge elements.

't.

Figure 3-6 Free Triangular Mess on Piezoelectric Material

•u
Figure 3-7 Fully Developed Mesh Swept Over Remaining
Domains

In order to demonstrate how the mesh density was chosen, the model was run with a base
excitation of 1 mm at resonance (60 Hz). The voltage and tip displacement were recorded
and then the mesh density was increased before repeating until the results remained the
same with a 1% tolerance.
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Complete mesh consists of 1201 domain
elements, 1151 boundary elements, and
287 edge elements.
Simulation time: 33 seconds
Tip displacement: 3.274 mm
Voltage: 36.652 V
Figure 3-8 COMSOL Model Low Mesh Density

Complete mesh consists of 2859 domain
elements, 2292 boundary elements, and
395 edge elements.
Simulation time: 62 seconds
Tip displacement: 3.266 mm
Voltage: 36.76 V
Figure 3-9 COMSOL Model Medium Mesh Density

Complete mesh consists of 9008 domain
elements, 5830 boundary elements, and
622 edge elements.
Simulation time: 308 seconds (8 min, 8 s)
Tip displacement: 3.265 mm
Voltage: 36.85 V
Figure 3-10 COMSOL Model Medium Mesh Density

Complete mesh consists of 13684 domain
elements, 8144 boundary elements, and
741 edge elements.
Simulation time: 970 seconds (16 min, 10 s)
Tip displacement: 3.265 mm
Voltage: 36.85 V
Figure 3-11 COMSOL Model High Mesh Density

Figure 3-8 through Figure 3-11 show increasing densities of mesh analysed. It is
demonstrated that even with a low mesh density COMSOL gives accurate results with much
lower computation time. A low density mesh with 8.5% of the element of a dense mesh
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yields similar results with a computation time reduction of 97%. For this reason, when
developing models low mesh densities were used as a base line. They were then increased
to gather final results.
3.7.1.6 Analysis Type

The three analysis types and that were used for each of the three harvesters were:
1. Eigenfrequency: Used to find resonant frequencies and vibration mode shapes. It is
also fast was in determining the resonant frequency shift due to a change is mass or
beam characteristic. The computational time depends on how many vibration modes
are required and geometry size.
2. Frequency Domain: Used to find the dynamic response of a vibrating structure under
periodic sinusoidal excitation. It can be used to evaluate performance at resonant or
non-resonant conditions over a desired band width. The solution time depends on
the number of excitation frequencies for which a solution is generated.
3. Time Dependant or Transient Response: Used for non-periodic inputs and is useful
for looking at start up effects and decay curves. The accuracy and computation time
depends on the number of time steps. An advantage COMSOL has over analytical
models is that the time dependant analysis can be used with recorded experimental
data. This was used to see the simulated response to acceleration data recorded in a
live sheep's heart.
3.7.2

Simulated Damping

Damping causes a reduction in oscillation amplitude due to the dissipation of energy to
resistive forces and internal frictions. In COMSOL Multiphysics there are three ways in which
damping can be applied to a model: Rayleigh damping, isotropic / anisotropic loss factor and
viscous damping. Each type is suited for different applications and can be used in
combination with one another to mimic the true conditions.
3.7.2.1 Rayleigh Damping

Rayleigh damping is a variation on a damping ratio using a combination of the models mass
and stiffness. The damping amplitude is controlled using the mass damping parameter a and
the stiffness damping parameter (3. This stiffness term provides damping that is linearly
proportional to frequency, while the mass term provides damping that is inversely
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proportional to frequency. This means that the damping ratio changes with frequency.
However, if the damping ratio is known at two frequencies, a and (3 can be calculated. 3 can
be calculated using

P=

2^1

2

(i)i

(^2

-

(3.1)

^2 ^2

^2

Where COi and (x)2 are two modal frequencies, and

and

^2

^re the corresponding

damping ratios respectively. (X can then be calculated using [76].

a = 2^1 oJi —
These values can then be input to the model to give the desired level of damping. Rayleigh
damping is suitable for Eigen miode, frequency domain and transient analysis.
3.7.2.2 Loss Factor Damping
When an object is dynamically loaded there is inherent damping from within the material
and this is call loss factor damping [77]. Both isotropic and anisotropic materials have loss
factors and both can be simulated in COMSOL. It is defined as the ratio of energy lost in unit
volume per radian of oscillation to the maximum strain energy per unit volume and is a
property of the material. For an isotropic material this ratio can be input into the simulation
directly, but an anisotropic material requires a 6-by-6 elasticity matrix to be populated. Loss
factor damping is suitable for Eigen Mode and frequency analysis but is not suitable for
transient simulations. It is often referred to as structural or mechanical damping.
3.7.2.3 Viscous Damping
When an object travels through a liquid, there is a resistive frictional force set up at the
boundary layer as the molecules pass by one another, this is viscous damping and it is
directly proportional to the velocity the object is travelling. Viscous damping may be
implemented in COMSOL by using the acoustics module to see the effects of air interaction.
It may also be applied directly to a geometry if the bulk viscosity coefficient % and the
shear viscosity coefficient \ are known. Viscous damping is suitable for frequency mode
analysis but unsuitable for transient response analysis.
3.7.2.4 Selected Damping Method
The damping used for all simulations was Rayleigh damping. It was selected as it was
suitable for Eigen mode, frequency mode and transient response analysis. In order to assess
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its validity, the damping ratio of an aluminium

cantilever beam

was

measured

experimentally and the results are shown in Figure 3-12. The beam was then modelled in
COMSOL and a transient analysis was performed using the measured damping ratio
converted into Rayleigh coefficients. A decay curve was then fitted to the simulated
displacement data as shown in Figure 3-13 and the two damping ratios were observed to be
equal, proving the method accurate in this instance. Although the COMSOL model was a
slightly inaccurate between 1 second and 4.5 seconds, the overall rate of decay was the
same as the experimental values recorded.

Figure 3-13 COMSOL Damping Analysis

Figure 3-12 Aluminium Beam Damping Analysis

As only one modal frequency and damping ratio could be measured experimentally, in the
application of equation (3.1) and equation (3.2)

(jl)-i

=

(jl>2

/ and

—

(2

■

Although this did

give an accurate result in this instance it was noted that this could be a cause of some error
in simulated results.
The aluminium beam analysis was carried out using a high speed camera to record the
motion of the beam. Using tracking software the beam tip displacement could be graphed
against time. (High speed camera - FASTCAM SAl.l photron. Tracking software ProAnalyst)

3.8

Piezoelectric Cantilever Power Optimisation Through Modelling

For the cantilever optimisation, three devices were optimised for power output. All were
silicon based cantilevers with an aluminium nitride piezoelectric layer. The first cantilever
was a thin beam where the presence of a piezoelectric layer had a large influence on the
characteristic of the energy harvester (i.e. the thickness ratio is very high). The second
cantilever that was a thick cantilever, where the presence of the piezoelectric layer had very
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little influence on the energy harvester's characteristics. The third energy harvester
optimised, was Tyndall design to see if any improvements could be made. The parameters
that were optimised were the piezoelectric thickness and the piezoelectric cover or length.
In a separate study a piezoelectric cantilever was optimised for beam thickness while
keeping constant piezoelectric thickness and length. In order to have a consistent test
structure and to know only the desired parameter changes were having an effect on the
results, the frequency, displacement and materials were kept constant for each simulation.
The beams were made from silicon and the piezoelectric material used was aluminium
nitride (ALN). All optimisation simulations were run at 25 Hz in the frequency domain and
the excitation was a steady state tip displacement at 1 mm peak to peak. In order to make
each cantilever design as efficient at producing power as possible the electrical circuit has to
be designed so that the load resistance

(Rl)

is directly equivalent to the source impedance

(Rs) [25]. The source resistance is the impedance of the piezoelectric material which varies
with frequency. As the cantilever produces the most power when it is at resonance it is
sought to match the load resistance at this frequency. However, in this instance as the
frequency was kept at 25 Hz for all simulations, this is the frequency used in the impedance
calculations. The impedance of the piezoelectric circuit is equal to the capacitive reactance
plus the resistance, however if the resistance is very small it may be negligible. The
capacitance of each device can be calculated using
£q X Sj. X

C

=

d

Where 8o is the permittivity of free space,
piezoelectric and

d

A

£r

(3.3)

is the relative permittivity, A is the area of

is the piezoelectric thickness. This can then be used to find the

capacitive reactance using

1
2n

X

f

(3.4)

X

C

Where f is the excitation frequency. The total impedance is a sum of the resistance and the
capacitive reactance.

Z

R+ Xc

In this case R was insignificant and was neglected. Therefore, for optimal power transfer, the
resistance simulated was matched to the capacitive reactance of the circuit. In order to
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confirm this was the optimal power transfer a resistance sweep was performed in each
simulation.
For example in a 1 mm by 1 mm square, 1 pm thick of aluminium nitride is used with a
relative permittivity of 9. Using formulas (3.3), (3.4) and (3.5) the resistor required for
maximum power transfer is 79.8 MO

Figure 3-14 Power Vs Load Resistance

Figure 3-14 demonstrates that the calculated value of 79.8 MO is very close to the simulated
resistance for maximum power transfer.
3.8.1

Power Optimisation of Thin Piezoelectric Cantilever

Table 3-1 Thin piezoelectric cantilever optimisation - COMSOL simulation

Parameter

Beam

Piezoelectric

Thickness

10 pm

1 pm to 15 pm

Length

8 mm

1 mm to 8 mm

Width

1 mm

1 mm
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1 Sin vrt
Fixed Support

Figure 3-15 Thin piezoelectric cantilever optimisation - COMSOL simulation

The first beams parameters are listed in Table 3-1 and Figure 3-15 shows an image of how
the beam was set up. The thin silicon beam's dimensions were kept constant while the
aluminium nitride's thickness and area were parametrically svx/ept. The initial dimensions of
the aluminium nitride were 1 pm thick and 1 mm in length. The length was increased
incrementally by one millimetre until it matched the beam length. The thickness was then
increased to 2.5 pm and the process was repeated until the ALN was 15 pm thick and
covered the full beam.

Figure 3-16 Thin piezoelectric cantilever power optimisation

In total this consisted of 56 simulations and each time the power produced by the induced
strain on the piezoelectric was recorded. Figure 3-16 shows the highest power was recorded
with a piezoelectric thickness of 15 pm and a length of 7 mm. Flowever for a thin
piezoelectric cantilever the optimal coverage of piezoelectric material depended on the
thickness ratio between the piezoelectric layer and the beam, and this is also true in the
reverse, i.e. it was not always true that an increased piezoelectric layer thickness increased
the power. For example at 4 mm in length the optimal thickness was 5 pm. For ail values of
piezoelectric thickness, it was observed that if the full beam was covered the final millimetre
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at least would have a parasitic effect on the power produced. This is because the end of the
cantilever experiences very little strain so produces a small electric charge. The electric
charge produced by the end section of piezoelectric is distributed evenly across the total
area, resulting in a lower average charge. The point at where this parasitic effect became
apparent depended on the piezoelectric thickness.

With a high thickness ratio the

piezoelectric dimensions had a significant effect on the beam characteristics. As the
thickness of the piezoelectric was increased and it did not cover the full length of the beam,
where it finished it acted like a second fixed point. As the section of the beam with the
piezoelectric was far stiffer than the area without, nearly all the strain was experienced in
the section with no piezoelectric , producing very little power. Figure 3-17 demonstrates this
occurrence for the 15 pm thick piezoelectric covering 4 mm of the beam length.

Figure 3-17 COMSOL - displacement plot of thin cantilever beam with 15 pm thick piezoelectric with 4 mm of coverage

If this is compared to the curvature of the beam when it is completely covered with
piezoelectric there is a stark contrast as seen in Figure 3-18. The beam has a constant
stiffness and therefore bends uniformly producing far greater power.

Figure 3-18 COMSOL - displacement plot of thin cantilever beam with 15 pm thick piezoelectric with 8 mm of coverage

3.8.2

Power Optimisation of Thick Piezoelectric Cantilever

Table 3-2Thick piezoelectric cantilever optimisation - COMSOL simulation

Parameter

Beam

Piezoelectric

Thickness

0.5 mm

1 pm to 15 pm

Length

8 mm

1 mm to 8 mm

Width

1 mm

1 mm
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Figure 3-19 Thick piezoelectric cantilever optimisation - COMSOL simulation

Table 3-2 lists the second beams parameters and Figure 3-19 demonstrates how the beam
was set up. The thick silicon beam's dimensions were again kept constant while the
aluminium nitride's thickness and cover were parametrically swept in the same manner as
with the thin beam. Again in total this consisted of 56 simulations and each time the power
produced by the piezoelectric strain was recorded.

Figure 3-20 Thick piezoelectric cantilever optimisation

The highest power for the thick cantilever beam was recorded with a piezoelectric thickness
of 15 pm and a coverage of 5.5 mm as shown in Figure 3-20. Unlike the thin beam, the data
showed that whatever the length of the piezoelectric, increasing its thickness increased the
power. The parasitic effect was again demonstrated by the area of the beam that
experienced very little strain, but unlike the thin beam the point at where this was seen was
constant for all thicknesses. After 5.5 mm of coverage any additional piezoelectric would
have a negative impact on the power. This suggests that the optimal coverage for a beam
where the thickness ratio is low is 68% of the beam length. These results were more typical
of what is reported in literature with values reported between 50 to 75% for beams excited
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at their first modal frequency [25], [71], Unlike the thin cantilever, the piezoelectric layer has
very little influence on the thick beams characteristics. Therefore for each simulation, the
beam had almost the same curvature as the stiffness of the beam was constant along its
length. This is shown in Figure 3-21.

Figure 3-21 COMSOL - displacement plot of thick cantilever beam with 15 pm thick piezoelectric with 4 mm of coverage

3.8.3

Power Optimisation of Tyndall's Piezoelectric Cantilever

The Tyndall design optimised had the same geometrical shape as the proposed design for
the MANpower pacemaker project with a slightly larger scale. The total length was 8 mm to
keep in line with the previous two optimisations rather than the proposed 6 to 7 mm, and
the total width was 1 mm rather than the proposed 5 mm to fit inside the capsule.
Table 3-3 Tyndall piezoelectric cantilever optimisation - COMSOL simulation

Parameter

Beam

Mass

Piezoelectric

Thickness

10 pm

0.5 mm

1 pm to 15 pm

Length

8 mm

6 mm

1 mm to 8 mm

Width

1 mm

1 mm

1 mm

1 Sin wt
Fixed Support

Figure 3-22 Tyndall piezoelectric cantilever optimisation - COMSOL simulation

The next beam to be tested was the Tyndall cantilever. Its parameters are listed in Table 3-3
and how it was set up in demonstrated in Figure 3-22. The Tyndall cantilever was optimised
in a similar way to the thin and thick cantilevers. The piezoelectric layer dimensions were
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again parametrically swept for both its length and thickness. The tip was displaced 1 mm at
a frequency of 25 Hz and for each simulation the impedance was matched for maximum
power transfer.

Figure 3-23 Tyndall piezoelectric cantilever optimisation

The highest recorded power of 57 pW was with a coverage of just over 2 mm with a
thickness of 15 pm as seen in Figure 3-23. Similar to the thick cantilever optimisation,
regardless of piezoelectric layer length an increase in the piezoelectric thickness increased
the generated power. There is also a consistent length after which any added piezoelectric
has a negative effect on the power produced. This point is Just after the cantilever connects
to the mass. After this point the mass is so stiff that there is no strain produced in the
piezoelectric layer and this results in an overall decrease in average electric charge. This can
be seen simulation strain plot. As seen in Figure 3-24, all the bending occurs in the 10 pm
section of the beam while the mass remains completely straight.

Figure 3-24 COMSOL - Strain plot of Tyndall cantilever beam with 15 pm thick piezoelectric with 8 mm of coverage
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3.8.4 Power Optimisation of a Piezoelectric Cantilever by Varying Beam Thickness
Table 3-4 Piezoelectric cantilever optimisation through varying beam thickness- COMSOL simulation

Parameter

Beam

Piezoelectric

Thickness

10 pm to 1 mm

10 pm

Length

8 mm

8 mm

Width

1 mm

1 mm

While keeping a constant piezoelectric thickness a cantilever beam was optimised by varying
the thickness of the substrate. The beam parameters are listed in Table 3-4. Starting with a
10 pm thickness and incrementally increasing with a step size of 0.05 mm until 1 mm in
thickness, recording the power produced each simulation.

Figure 3-25 Piezoelectric cantilever optimisation through varying beam thickness

The data shown in Figure 3-25, suggests for this simple cantilever design, by increasing the
beam thickness the power produced by the piezoelectric will increase. This makes sense
because as the beam is made thicker, the piezoelectric moves further and further away from
the neutral axis and experiences more strain thus producing more electric charge. This is if
the tip displacement is kept constant, in reality if the beam is made thicker it will become
stiffer and in turn displace less if excited through base excitation or a point force.
3.8.5

Power Optimisation Summary

In order to generate the highest power from a piezoelectric energy harvester, the results
system should be designed to subject the largest quantity of piezoelectric material, to the
largest strain possible without compromising the structural integrity. Any piezoelectric
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material that isn't being sufficiently strained to add to the overall charge should be
removed, or it will have a parasitic effect and reduce the power produced. In most cases by
increasing the thickness of the piezoelectric material, the power increased if the deflection
was kept constant. However, for a thin cantilever this will not always be the case when the
piezoelectric does not have full coverage over the beam. With the increased stiffness of the
piezoelectric layer, most of the bending will occur in the uncovered beam section, and
produce almost no strain in the piezoelectric. This issue was apparent where the thickness
ratio between the piezoelectric layer and the beam was high enough that the piezoelectric
layer had a strong influence on the beam characteristics. In order to increase the strain in
the piezoelectric material, the beam substrate can be made thicker, moving the piezoelectric
further away from the neutral axis. Another method to increase the strain would be to
increase the displacement of the cantilever beam. Either by increasing the amplitude of the
input force or by adding a point mass to the cantilever's free end.
All of these optimisations were carried out with a constant tip displacement at a constant
frequency. The aim was to be able to directly compare how piezoelectric coverage, thickness
and beam thickness affected the maximum power produced for three different cantilever
beam designs. In reality, each of these adjustments would have changed the beam
characteristics, altering the beam stiffness and inherently shifting the resonant frequency.
With the MANpower project and commonly with piezoelectric energy harvester design,
specific design space and environment determines the device resonant frequency and
imposes size limitations. Working within these design parameters, adding piezoelectric
material where it will be sufficiently strained to add to the average electric charge produced,
and increasing the beam thickness will optimise power output. Increasing beam thickness
will increase stiffness and resonant frequency but a mass can be added to counteract this
effect.
3.9

Unimorph Piezoelectric Energy Harvesters Resonant Frequency Modes Analysis

A unimoph piezoelectric energy harvester consists of a single layer of piezoelectric material
bonded to a supportive substrate, while a shim sandwiched between two piezoelectric
layers is known as bimorph. Both cantilever type energy harvesters produce a voltage across
them when a mechanical strain is applied. Each can be used in two modes, mode 33 and
mode 31. With mode 33 (compressive) the voltage is generated parallel to the direction of
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the force applied while mode 31 (transverse) it is generated perpendicular to the force [72].
Mode 31 is widely used for practical applications as it is more applicable for cantilever type
harvesters. Cantilever type energy harvesters are commonly designed to resonate at their
fundamental mode frequency for maximum power generation as the vibration spectrum
shows higher modes have decreased acceleration [73]. In order to tune a device for
optimum output energy it is important to know how cantilever parameters affect the device
fundamental frequency and the effect of adding a proof mass. FEA simulation and analytical
models can be used to predict the response to these parameter changes.
3.9.1

Simply Supported Unimorph Cantilever

A simply supported cantilever is a common design for a piezoelectric energy harvester and
understanding and predicting their behaviour is crucial for efficient energy harvester design.
The fundamental resonant frequencies (/„) of a simple cantilever without a tip mass can be
expressed as

El

Vr

fn =
Where

(3.6)

12 A IJ

2n

is the fundamental mode constant, E is the Young's modulus, I is the second

moment of area, A is the area and L is the length. For the first mode
mode

1^2

= 4.694, third mode

1^3

- 1.875, second

= 7.855, fourth mode V/^ = 10.996 [74]. A unimorph

piezoelectric energy harvester is a composite cantilever and in order to maximise power
output they often include a proof mass. These parameters can be taken into account by
adjusting the equation as follows

0.236 Dp b

fn = 2n

(3.7)
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Where b is the width of the cantilever, I is the length of the cantilever and

is the length

of the proof mass. Subscript p represents the piezoelectric material, subscript b represents
the beam and subscript m represents the mass. E is the Young's modulus, t is the thickness
and /9 is the density. TTlg is the effective mass of the beam and iTip is the proof mass.
The initial parameters of the energy harvester as seen in Table 3-5, were chosen to match a
beam model previously reported in in the literature. [75]. Selecting these values allows
partial validation of the derived model.
Table 3-5 simply supported cantilever beam parameters

Beam
Length (mm)
Width (mm)
Thickness (mm)
Material
Density (Kg/m^)
Young's Modulus (GPa)

Piezoelectric

Mass

60

60

12

30

30

30

1

0.11

3.5

Stainless Steel

PVDF

Silver

7,850

1,770

10,490

205

2.45
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With the mass initially set to 0, the first 4 fundamental frequency modes were predicted
through both FEA simulation in COMSOL and analytically calculated using equation (3.7). The
percentage error between the simulated and the analytical was then calculated. The results
are listed in Table 3-6. The first four modes predicted by COMSOl. are depicted in Figure
3-26, Figure 3-27, Figure 3-28 and Figure 3-29 respectively.
Table 3-6 Fundamental frequency modes of a simply supported cantilever beam

Mode

Simulated

Analytical

Literature
Simulation

Literature

Error %

Analytical

Simulated vs
Analytical

First (Hz)

203.47

205.1

211.46

205.3

0.8

Second (Hz)

1269.3

1284.6

1316.4

1286.6

1.2

3555

3597.3

Not reported

Not reported

1.2

6976.1

7049.4

Not reported

Not reported

1.1

Third (Hz)
Fourth (Hz)
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Eigenfrequency=1269.3

Eigenfrequency=203.47

Figure 3-27 Second Mode

Figure 3-26 First Mode

Eigenfrequency=3555

Eigenfrequency=6976.1

Figure 3-28 Third Mode

Figure 3-29 Fourth Mode

There was a consistent correlation between analytical and simulated fundemental frequency
modes. The results also corrresponded well with the frequencies quoted in literature. After
this initial testing the proof mass was added to the free end of the energy harvester before a
parametric study of the beam parameters was conducted. The mass density was varied to
simulate diffferent materials or an increased mass volume while keeping the dimensions of
the device unchanged.
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Figure 3-30 Variation of frequency with mass density

Figure 3-31 Variation of frequency with cantilever length
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Figure 3-32 Variation of frequency with cantilever width
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Figure 3-33 Variation of frequency with cantilever thickness

The variation of frequency due to change in mass, length, width and thickness was
demonstrated. It can be seen that by increasing mass density (Figure 3-30) or length (Figure
3-31) the resonant frequency can be reduced following an exponential decay curve. As
expected the device frequency is independent of the width as shown in Figure 3-32. Figure
3-33 shows that frequency is directly proportional to thickness, although there is a deviation
between the simulated and analytical results as the thickness increases. The simulation
predicts less stiffening with increased thickness and therefore a lower rate of frequency
increase.

3.10

Analytical Modelling

3.10.1 Introduction
As well as using an FEA computer simulated model an analytic electromechanical model has
been developed to compare power predictions and validate optimal cantilever designs.
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Cantilever beams with piezoelectric layers are commoni/ modelled in this way using
mechanics of a beam and composite beam equations. By understanding the mechanics of
vibrating beams, piezoelectric energy conversions and fundamental circuit theory accurate
models have previously been developed [61]. These models demonstrate how each
parameter effects such characteristics as the power capabilities, dynamic modal shapes,
natural frequencies and displacement profiles [60], [78], [79]. It can also be shown how the
input excitation can effect these characteristics. Where power extraction is a key
requirement as it often is, vibration

acceleration, location and frequency are key for

optimising performance [78]. Most vibrational energy harvesters are designed to capture a
specific vibration source, and in order to achieve this most efficiently they must resonate
with at the source frequency[80]. This property of the energy harvesters can be
demonstrated clearly using the analytical model.
3.10.2 Modelling a Unimorph Piezoelectric Cantilever Beam

A unimorph piezoelectric cantilever is a beam with a single layer of piezoelectric material
bonded to a substrate. In order to electrically model a piezoelectric material it has to be
mechanically modelled and in this section three common methods of doing this will be
discussed. The three methods have varying complexities and assumptions. The simplest
model uses the pin-force method, the enhanced pin-force method expands on the pin-force
concept and the Euler-Bernoulli is the most intricate model. The Euler-Bernoulli is also the
most common of the three methods [25], [61], [63], [81]. The common assumptions for all
three models are that the beam length is at least ten times longer than it is wide, the
piezoelectric layer is very thin in comparison to beam thickness and that the electric field
between the two surfaces of the piezoelectric layer is uniform [25], [63].
3.10.2.1

Pin-Force Model

The pin-force model can be used to approximate the voltage produced in a piezoelectric
material bonded to a substrate. It is called the pin-force model because it is modelled as if
the piezoelectric is pinned to the substrate implying a perfect bond between the two layers
and that the adhesive is infinitely stiff. The shear stress within the piezoelectric layer is only
concentrated in a small area at the ends of the pin connection. The strain within the beam is
calculated using the Euler-Bernoulli beam theory but the strain within the piezoelectric is
assumed to be constant. Euler-Bernoulli theory states that the strain through the beam will
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increase linearly with thickness. The pin-force method does not take into account the
stiffness of the piezoelectric material. This limits the accuracy of this method and when the
stiffness of the piezoelectric is less than five times smaller than the substrate stiffness the
method is generally not suitable [25], [62], [82].

Figure 3-34 Pin-force model of unimorph piezoelectric cantilever (25}, [82]

In order to model the piezoelectric layer as a voltage source, the sign convention of the
positive and negative moments on the beam have to first be established. Figure 3-35
demonstrates the notation of moments.

M

M

M
Negative Moment

Positive Moment

Figure 3-35 Bending moment conventions [83]

In this next section the subscript b will refer to the beam and the subscript p will refer to the
piezoelectric layer.
If the piezoelectric layer is attached to the top surface of beam as demonstrated in Figure
3-34, when an external moment is applied, the strain

4

- y K
Where

on the beam can be modelled as

(3.11)

is the beam thickness and K is the curvature of the beam. The strain £p the

piezoelectric experiences can be written as
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(3.12)

£

Where Ep is the Young's modulus of the piezoelectric and dp is the stress. Equation (3.12)
can be rewritten as

Sr. —

^

E ULp
bt
Up

(3.13)

Where F is the force caused by the moment acting on the piezoelectric layer, b is the beam
width and tp is the thickness of piezoelectric. As the strain acting on the piezoelectric is
assumed to be the same as the beam Sp = 5^. The external moment applied to the beam is
given by the equation

(3.14)

Where

is the Young's modulus of the beam and

is the second moment of area. By

equating equation (3.13) to equation (3.11) the curvature can be evaluated as
2F
K =

Ep b tp tjj

(3.15)

Substituting equation (3.15) into equation (3.14) the force F can be evaluated as

F =

GEptpM

3 Ep

tp t]j

Ejj tfj

(3.16)

The strain on the interface between the piezoelectric and the substrate can expressed by
merging equation (3.16) with (3.13). As the strain through the piezoelectric layer is assumed
to be constant using the pm-force method the strain at the interface is in fact the strain in
the piezoelectric Sp. This can now be expressed as

6M
Sp
As the stress in the material

b(3Ep tptj, -

(3.17)

can expressed as
Fp Sp
(3.18)

Then by substituting equation (3.17) into (3.18) the stress can be expressed as
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(J,V

6MEr

b(3Ep

tptfo -

Eijti,^)

(3.19)

The voltage generated by the piezoelectric can be related to the stress within it by the
equation

V = gzi tpffp
Where

is the piezoelectric voltage constant. Therefore the voltage generated by the

piezoelectric can be related to the moment it experiences by substituting equation (3.19)
into (3.20).
6^31 M
^pin-force

btu

3

F t
‘-'p^p

(3.21)

[25], [82]
3.10.2.2

Enhanced Pin-Force Model

The enhanced pin-force model shown in Figure 3-36, is similar to the pin-force model but
the strain within the piezoelectric is not assumed to be constant, it is modelled to increase
linearly through the thickness. This is because this method takes into the account the
bending stiffness of the piezoelectric. The assumption here is that the piezoelectric bends
about its own neutral axis, and the piezoelectric and the substrate are treated as two
separate structures connected rigidly by pins [25], [62], [82]. Because the strain in the
piezoelectric is assumed to increase linearly with its thickness, this method gives very similar
results to the pin-force method when the piezoelectric is very thin.

Figure 3-36 Enhanced Pin-Force model of unimorph cantilever beam [25], [82]

Initially the model for the enhanced pin-force method is the same as the pin-force and the
moment acting on the beam is still
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Mb = (Eb Ib)K
(3.22)

The moment acting on the beam is the same as the moment acting on the piezoelectric so
Mjr) — Mp = (Ep /p)K . From equation (3.11) and equation (3.13) the force can be
expressed as
(3.23)

Ep b t]j tp

F = ---- ------ K
By combining equation (3.22) with equation (3.23) the curvature can be expressed as

12M
K =

+ Epbtp^ + Eijbti) 3

—6Ep
.p btp
^^p

(3.24)

By combing the equation for curvature (3.24) with the force equation (3.23) and then
substituting this back into equation (3.13) the expression for stain within the piezoelectric
can be written as
6tijM
^

3Epbtptij^ ~ Epbtp^ - Eijbth

Substituting equation (3.25) into equation (3.18) the stress in the piezoelectric can be
written as
6Ept/,M
(Tp

3Epbtptij^ — Epbtp^ — Eijbtij'^

(3.26)

In order to calculate the voltage produced by enhanced pin-force model equation (3.26) has
to be substituted into equation (3.31) giving

6^3;
Enhanced pin-force

bt

3.10.2.3

P

M

Q (_ 1 _ (Ep^b
hp)
\Eptp

(3.27)

Euler-Bernoulli Model

The Euler-Bernoulli method is renowned for being the most complex but accurate of the
three methods. The piezoelectric and the beam are modelled to have a perfect bond
between them and both bend about a common neutral axis. This neutral axis is calculated
using a weighted Young's modulus approach. The equivalent areas are also calculated using
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the same weighted approach. The strain is modelled to increase linearly through the
composite beam with thickness[25], [81], [82],

IP b
tb

Fh
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e
Figure 3-38 Young's modulus weighted cross sectional area [25]

In Figure 3-37

is the distance to the neutral axis, the weighted algorithm for this can be

expressed as
^4- (t

2 P

4-

2J ^

V P

Zs =
t

‘'P

(3.28)

-±- 4- f

The average strain within the piezoelectric is found in order to simplify the equations. The
average strain can then be used to calculate the voltage produced. The average strain can be
expressed as

M
(Eplp+

Where

Ip

\

^-7
-

/ /

is the second moment of area of the piezoelectric and

the beam and they can expressed as
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(3.29)

is the second moment of

l, = ^b

4-

2

- (Zs - tp)'

^ K^P

) + (^5 “ tp)

(3.30)

(3.31)

Then by substituting equation (3.28) into equation (3.29) the piezoelectric strain can now be
expressed as

6MEt,t,,{tp + tj)
b[Ep^tp‘^ + Ep^ti,'^ + 2EptpEpti,(2tp^ + Stptp + 21,,^)]

(3.32)

Then by substituting equation (3.32) into equation (3.18) the stress in the piezoelectric can
be expressed as
6MEpEt,tp{tp + tp)
(Jp

b\^p^tp'^ + Ep^tp'^ + 2EptpEi,tp(2tp^ + Stptj, + 2tj,^)]

(3.33)

Finally if this is substituted into equation (3.10) the voltage can be expressed as

{g«
1/ = btr

3.11
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\
^p ' ^ \t
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(3.34)

Analytical Power Estimation of a Unimorph Piezoelectric Cantilever Beam with a

Point Force
The initial cantilever beam parameters were chosen to match values previously modelled in
literature. In this way the model can be validated by matching published results. The
cantilever beam is modelled using the Euler-Bernoulli beam equations, and it also follows
the Euler-Bernoulli definition of a beam, the length is over ten times larger than the width.
As all three methods of calculating the voltage are dependent on the moment the
piezoelectric experiences, by solving for the deflection of the beam the moment can be
evaluated as a function of the beams curvature. The Euler-Bernoulli governing equation of a
cantilever beam is
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w(x, t)
^

dt^

w(x, t)
+ Ebk------dx^
=

^(0

(3-35)

Where w is the displacement of the beam, A is the cross sectional area and p is the density
of the beam [25], [65]. For this model the beam is driven harmonically by a sinusoidal force
and the Euler-Bernoulli equation can be rewritten as
d'^ w(x, t)
df

+ C‘

w(x, t)

Fq0

dx^

pA

sin(6L)t) 5(x — Lf)

Where Lf is the position of the applied force from the fixed end of the beam,
J

(3.36)

pA

and 60 is the driving frequency.
The beam will be modelled in the arrangement shown in Figure 3-39.

F sin

{(vt)

Figure 3-39 Cantilever beam model set up

The cantilever beam was modelled as aluminium and the beam parameters are listed in
Table 3-7.
Table 3-7 Cantilever beam properties and dimensions

Parameter

Value

Units

Length

0.558

m

Width

0.05

m

Thickness

0.004

m

Young’s Modulus

71 X lO^'

Pa

Density

2715

Kg/
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The piezoelectric material was modelled as Lead Zirconate Titanate (PZT) and its parameters
are listed in Table 3-8.
Table 3-8 PZT properties and dimensions

Parameter

Value

Units

Length

0.073

m

Width

0.05

m

Thickness

0.508.x 10-^

m

Young’s Modulus

62 X 10"^

Pa

Dielectric Constant

-320x 10-'^

m/V

Voltage Constant

-9.5x10-^

Vm/N

Internal Resistance

330000

Q

The driving frequency of the beam will match the beams first natural frequency where
maximum deflection and maximum power generation will occur. The first natural frequency
of the beam can be calculated using the resonant frequency of a cantilever beam equation.

0)^ =

0.162

h
12

>1

(3.37)

Pb

As the piezoelectric is much thinner than the beam, its effect on the resonant frequency has
been neglected. The first natural frequency of the beam was calculated to be 10.64 Hz or
66.85 radians. By using the modal analysis method the displacement (w) of the beam at any
position along the beam (x) and any time (t) can be expressed as
n

W

{x, t) = ^

(t) Xi (x)
(3.38)

1=1

Where n is the number of mode shapes used,
the beam and

Xi

Qi

is the /-th modal coordinate equation of

is the /-th modal shape of the beam. The external harmonic force that is

applied to the beam is in the form
p

F{t) = -^sin(a)t)Xj (if)
(3.39)

This value can then be used to evaluate the /-th modal coordinate equation
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qi(t) =—j f.(T)e^^^'^sin(a)a(t — T))dT
a)d

(3.40)

J

Where ( is the damping ratio and Cl)^ is the damped natural frequency. The damped natural
frequency can be evaluated using

(3.41)

The beams modal shape is the shape it will bend to when excited at its natural frequency,
each of the beams natural frequencies will have a different mode shape but the shapes are
common for all cantilever beams. The mode shape can be expressed as
siuMBiLij) - sin(,BiLt.)

,

Xi (x) = cosKPiX) - cos (/?ix)--------Iro I"VZ------TfTT^
cosni^PiLi,) + cos(^BiLij)

Where

is the beam length. Pi =

.

“ 5m(/?jx))

(3.42)

and (Ojii is the beams /-th natural frequency.

With the modal coordinate equation and the modal shape evaluated the displacement w
can be calculated, and from this the curvature can be estimated as;

k(x, t) =

w(:>:, t)

---5-dx^

(3.43)

In order to calculate the average moment within the PZT the average curvature can be
evaluated by integrating the curvature along its length
P

kaveit)

=

j

k(x,t)dx

(3.44)

Where /Cai;e 'S the average curvature between the integration limits. Finally the average
moment acting on the piezoelectric is

M{t) = Et,I^kaye(t)
By substituting equation (3.45) back into equations (3.2), (3.27) and (3.34), three separate
estimate for the PZT voltage can be calculated.
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3.11.1 Analytical Simulation of a Unimorph Piezoelectric Cantilever Beam with a Point Force
The first beam modelled was a beam previously modelled in literature to demonstrate that
the model had been implemented correctly [25]. The external point force Fo was set to 1
Newton and the distance from the base Lp was set to 0.2 m. The damping ratio was set to
0.03, an average of the most common values in air which lie between 0.01 and 0.05 [59].
The beam was excited at its first natural frequency which was calculated to be 10.6 Hz using
equation (3.37). The internal impedance of this device was measure to be 330 kO [25]. The
open circuit voltage for each method was modelled and the results are shown in Figure 3-40.
The Euler-Bernoulli method predicted a peak to peak AC voltage of approximately 50 V. Both
the Pin-Force and the Enhanced Pin-Force predicted twice the voltage at approximately 100
V peak to peak AC. The Pin-Force and the Enhanced Pin-Force predicted almost identical
voltages as the piezoelectric layer was very thin. With the assumption of increasing strain
through the thickness of the PZT, at low levels of thickness this almost equates to a constant
strain through the PZT, rendering the two methods identical.

Figure 3-40 Open circuit voltage calculated from analytical beam model

Next the power was calculated when the beam was in the steady state. The beam reached
steady state at about 2 seconds, if the transient response was looked at the power would be
lower as the beam would have not reached its maximum amplitude. As discussed earlier in
the chapter (section 3.8) the maximum power transfer occurs when the load impedance is
equal to the source impedance. The equation used to calculate the power from the AC
voltage is
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IL

-1
i=0

Where Ri is the load resistance,

(3.46)

(Ri +R,yn

is the source resistance and n is the number of time

steps. Figure 3-41 shows the power as a function of load resistance for the three modelling
methods. Again the Pin-Force and the Enhanced Pin-Force show almost identical values as
the power was calculated as a function of their voltage.

Figure 3-41 Power generated based on load resistance
Table 3-9 Predicted peak powers and results reported in literature for harmonic excitation through a point force at
resonance

Modelling Method

Predicted Peak Power {^iW}

Power predicted in literature [fiW)

Euler-Bernoulli

211

209

Enhanced Pin-Force

875

866

Pin-Force

879

870

Table 3-9 shows the powers predicted for each of the three methods are all within 1.5% of
the predicted values in literature for the same beam under the same excitation conditions
[25]. This gave part validation to the model in order continue to develop it and move onto
experimental validation at a later stage. The piezoelectric cantilevers proposed for the
MANpower project use a tip mass to reduce the resonant frequency to match the vibrations
that the heart produces as it beats. For this reason the next section develops a model of a
piezoelectric cantilever beam with a tip mass under base excitation.
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3.12

Analytical Power Estimation of a Unimorph Cantilever Beam with Base Excitation

and Tip Mass
Often a tip mass is used to tune the natural frequency of an energy harvester in order to
match the source vibrations that are available. It can also be used to decrease the length of
a cantilever while remaining at the same resonant frequency. Understanding how a tip mass
effects a structure has the subject of many experimental studies and mechanical models.
The comprehension of how a system will respond has many practical applications other than
energy harvesting such as mast antenna structure, plane wings with large fuel tanks at the
tip and robot arms to name just a few [84],

Figure 3-42 Schematic of cantilever beam with tip mass and base excitation

A schematic of a cantilever beam with a tip mas is shown in Figure 3-42. Again EulerBernoulli beam theory was used to predict the cantilevers response to transverse vibrations
and a modal shape analysis of the cantilever was used for power estimation. The beam base
is subject to vertical displacement y(t) in the z direction and a small rotation at the base h(t).
The small composite structure is again assumed to be perfectly bonded and exhibit linear
elastic material behaviour. The general solution of a clamped-free cantilever beam with a tip
mass excited through base excitation with structural and air damping is [59].
^

--- 71---+
de

^

^---+ Cn--- ^--- + m
dt

dx^

^ -[m + Mt6(x- Li,)]

w^(x, t)

dC
(3.47)

dt^

Where Wj.gi{x,t) is the relative displacement between the cantilever and the base and
w^(x, t) is the displacement of the base at any arbitrary position x and any arbitrary time t,
m is the mass per unit length and Mf is the tip mass.
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is the Kelvin-Voigt or strain rate

damping and C(j is the viscous air damping. Viscous air damping is a \A/ay of taking into
account the forces required to displace the air molecules as the beam vibrates, while the
strain-rate damping takes into account the energy dissipation internal to the beam. The
absolute transverse displacement of the beam can be expressed as

w(x, t) =
The base displacement

(3.48)

t) + Wb(x, t)

is input as a sinusoidal function and the relative

displacement can be calculated once again using the modal shape and the modal coordinate
equation.
It

W,.el(.X.t) = y
(3.49)

/ =!
For clarity the modal shape for a beam with a tip mass is denoted as Zj (x) while the modal
coordinate equation remains

as it retains the same basic form. For a beam with a tip

mass the modal shape can be calculated using

Z; (X) = Ai cosijx]-cosh
Where

sink ^

~

(3.50)

is obtained from
Mt

sm(Ai) - sinhiAi) + Ai:^(cos(Ai) - cosh(Aj))
(3.51)

<;i =

M

cos(Aj) + cosh(Ai) - Aij^(sin(Ai) - sinh(Ai))
Where Ai is a modal amplitude constant which can be evaluated by satisfying the following
orthogonality condition.

I

Lj

Zs (X) m Zi (X) dx + Zs (L)

Zj (L) = 5^

(3.52)

Where Sis's the Kronecker delta, it is defined as being equal to unity for when i is equal to s
and to zero when it is not.
A can be calculated using
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mLA

T 4

Ai
Where

= 0) ni

(3.53)

^bh

is the undamped natural frequency of the beam, as the beam has a tip mass the

formula for calculating

becomes

3£’b^b
h/
(i.54)

L3

(Or. =

f—)
li4oy mL 4-

N

Mt

The modal coordinate equation as mentioned before remains in the same form as the point
force model. The damped natural frequency can be calculated using equation (3.41).
I

qi{t) ——f Fi

sin(a)a(t — t)) d T

(3.55)

The harmonic modal forcing function corresponding to the right hand side of equation (3.46)
is represented as

F(t) = —m

Zi(x)dx

dt^

+

xZi(x)dx

dt^

(3.56)

McZiiL)\

y

.

dt^

+

dt^

J

Since the base is assumed to have very little rotation ( h(t) = 0) [59], [60], [85], and only be
excited by transverse vibrations the force equation can be simplified to
/ w2
F(t) = —m

rf y(t) I Zi(x)dx j-McZi(L) 'd^y(t)
dt^

dt^
0

/

(3.57)

With the modal coordinate equation and the modal shape evaluated the displacement w
can be calculated, and from this the curvature can be estimated using equation(3.43), the
average curvature can be calculated using equation (3.44) and finally the moment can be
calculated using equation (3.45). By substituting equation (3.45) back into equations (3.20),
(3.27) and (3.34) three separate estimates for the PZT voltage can be calculated for the base
excitation model.
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3.13

Chapter Summary

After developing both the 3D computer simulated models and the 2D analytical models, the
difference in the two techniques became apparent. Once an understanding of COMSOL
Multiphysics was developed, the generation of the finite element models was fast when
compared to the analytical model development. The simulation software allowed for models
to be run in the transient or frequency domain and switch between methods of excitation
with ease. Complex 3D geometries could be analysed and parametric sweeps could be used
to complete large studies for design optimisation. The study also revealed that the most
appropriate form of damping for the required analysis was Rayleigh damping as it could be
calculated from a measured damping ratio. Mesh density has great significance on
computational time, but the results from the mesh density comparison showed how a more
course mesh can be used and still achieve the same accuracy. The images that COMSOL
produced gave a clear visual representation of the Eigen frequency modes which was
another advantage over the analytical model, although they did both predict the same Eigen
frequencies. The main advantage of the analytical model was computational speed. It was
more time consuming to develop and lacked the ability to compute 3D geometries but for
simple cantilevers with a tip mass it could give a mechanical and electrical response in
seconds, often over 100 times faster than the 3D simulation. The validated accuracy of the
two models will be compared and discussed in chapter 6.
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Chapter 4 Device Test Environment
4.1

Introduction

In this chapter, the design and development of the test environment and precision
equipment required for energy harvester characterisation will be discussed. The novel
operating conditions of an implanted pacemaker for which the proposed energy harvester is
being designed, require a MEMS device that has undergone extensive testing and modelling.
In order to perform this testing, a unique test structure had to be developed as the
conventional test equipment available was not suited for the application. The requirements
of the test structure were to excite the harvester and precisely measure both the
mechanical

and

electrical

response.

Commercial

off-the-shelf piezoelectric energy

harvesters were used for development and validation of the test structure in preparation for
the project harvesters.
4.2

Laser Displacement Sensors

In order to precisely measure the displacement of the energy harvesters under excitation,
two Micro Epsilon Laser optoNCDT 1420 series laser triangulation sensors were employed
[86]. A schematic of these sensors is shown in Figure 4-1.

Figure 4-1 Laser Displacement Sensors
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Table 4-1 Laser Displacement Sensor Specifications

Model

ILD1420

Measuring range

25mm

Start of measuring range

25mm

Linearity
Repeatability / Resolution
Measuring rate
Light source

<0.08-0.1% FSO (Full Scale Output)
1pm
0.25 kHz / 0.5 kHz / IkHz / 2 kHz / 4kHz
Semiconductor laser (red)

The specification for these sensors are listed in Table 4-1. These sensors are capable of
measuring in the micrometre range with a sample rate of 4 KHz. This resolution and speed
made them perfectly suited to the application as all energy harvesters to be measured were
low frequency devices (<400 Hz). The reason two sensors were purchased is so that the
relative displacement between the base and the tip of the cantilever type energy harvesters
could be measured. This is because the relative displacement is proportional to the stain the
piezoelectric material would experience and therefore proportional to the voltage
produced. The relative displacement can be found by subtracting the base displacement
from the tip displacement taking account of phase shift. Figure 4-2 shows an example of
measured tip and base displacements where a device is vibrating far below its resonant
frequency and the base and tip are in phase. It can be seen that the relative displacement is
far less than the tip displacement. Figure 4-3 shows an example of a device vibrating at
resonance. Here the base and tip are 90 degrees out of phase so the relative displacement is
equal to the tip displacement. Finally Figure 4-4 shows an example of a device vibrating
above its resonant frequency. Here the base and the tip are almost 180 degrees out of
phase and it can be seen that he relative displacement is far greater than the tip
displacement. This shows the importance of having two sensors that could record
simultaneously. In order to achieve the dual measurement, the sensors were used in
combination with a 4 Channel USB Converter (RS422 IF2004).
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Time (s)
Figure 4-2 In Phase Vibration - Below Resonance

Figure 4-3
Resonance

=

90 Degrees out of Phase Vibration

at

Figure 4-4 Figure 1 2 Out of Phase Vibration - Above Resonance

4.3

High Speed Camera (HSC)

In order to precisely measure and analyse the energy harvesters mechanical response to a
base excitation a high speed camera was acquired. The FASTCAM SAl.l from Photron was
the camera of choice, capable of recording at a resolution of 512 x 512 with a frame rate of
20,000 fps (frames per second). This was used in combination with the tracking software
ProAnalyst which allows for accurate motion tracking. ProAnalyst allows points or objects to
be tracked manually frame by frame or automatically sweep an entire video and record the
motion. In order to extract precise displacement data from a video, it must contain an object
that can be used as a scale. This was achieved by placing a ruler in the corner of the shot,
allowing the software to equate a number of pixels to a known distance as seen in Figure
4-6. In order to achieve automated tracking a point had chosen and made to have a stark
contrast to against it surroundings. To a achieve this the best results were found by using a
matt black background and placing a small dot of Tipp-Ex on the desired point to track. This
process is described in Figure 4-5, Figure 4-7 and Figure 4-8. This was easily identified by the
tracking software and gave consistently accurate results when calibrated correctly. The
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results were compared against the laser displacement sensors and it was confirmed they
gave the same results.

Figure 4-5 HSC Image of Mini Sense Energy Harvester

Figure 4-6 HSC Image Scale Calibration

Figure 4-7 HSC Defining the Tracking Region

Figure 4-8 HSC Automated Tracking of a Point

The high speed camera was also used for vibration mode analysis. The images showed
clearly the vibration mode of the cantilever type energy harvesters and if there were any
torsional or off axis vibration which the laser sensors could not detect.

Both the laser

sensors and the high speed camera are non-contact measurement systems and therefore do
not influence the results.

4.4

Mini Shaker Design and Development

One of the partners of the MANpower project was Tyndall National Institute. They were
tasked with design and fabrication of an energy harvester capable of powering the proposed
implanted pacemaker.

With the limited design space available and the low resonant

frequency required, this MEMS energy harvester had to be just millimetres in length and
micrometres thick. This made the devices sensitive to vibration but also fragile. There was
also a limited number of test samples available and the device had a lead time of over a
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year. The aim of this research was to assess the performance and reliability of these energy
harvesters. An experimental test structure had to be designed and validated in preparation
for this analysis. The mechanical and electrical performance had to be evaluated at low
frequencies under sinusoidal base excitation. A well tested source of this type of vibration
are permanent magnet shakers. However in this instance, there were a number of reasons
why this was not suitable for the application. The IDS V450 permanent magnet shaker
available, was designed for higher acceleration testing up to 74.5 g and gave error warning
of innacuracies at the low levels required. The minimum acceleration the shaker could
produce was dependent on the frequency, below 100 Hz accelerations below 0.05 g could
not be produced without an error. Secondly, the mechanical motion and displacments of
the energy harvesters had to be measured precisely using a Ploytec laser doppler
vibrometer. The LDS V450 shaker could not be used in combination with the Polytec as it is
too large and could damage the profilometer due to its high environmental vibrations. In
addition as testing was to be carried out in both Tyndall Institute and Cork Institute, the test
apparatus should be portable. To meet device testing requirements, a portable mini shaker
suitable for vibrometer displacement measurements was designed and developed using an
audio speaker as the vibration source.
4.4,1

Audio Speaker Selection

Three types of speakers were tested for their suitability as a shaker. A 13.3 cm sub-woofer
(Figure 4-9), a 12.7 cm tweeter (Figure 4-10) and a 5.08 cm electro dynamical exciter plate
(Figure 4-11). A sub-woofer is designed to produce sound at frequencies between 20 and
200 Hz and produce relatively large displacements compared to other speaker types. A
tweeter is designed to produce sound at higher frequencies and have a faster more precise
response than a sub-woofer. Their range is typically 2 kHz to 20 kHz but can go all the way to
100 kHz. An electro dynamical exciter plate is designed to be attached to a flat surface such
as glass. The two then vibrate as one to produce sound waves from the large surface area.
The advantage of this speaker is that it already has a flat base on which to mount an energy
harvester.
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Figure 4-9 Sub-Woofer

Figure 4-10 Tweeter

Figure 4-11 electro dynamical
exciter plate

The Tyndall energy harvester was designed to resonate at 20 to 30 Hz and produce sufficient
power to power the pacemaker with 1 g of acceleration. As the mini shaker would be used
on higher frequency devices and would have to produce accelerations in excess of normal
pacemaker operating conditions for reliability testing, the mini shaker specifications were a
frequency range of 20 to 100 Hz with an acceleration of 3 g. The three speakers were
assessed under the following criteria:
Frequency: The frequency range achievable.
Acceleration: The acceleration levels achievable.
Accuracy: Was the acceleration only in the vertical axis as required.
Repeatability: Were accelerations repeatable for the same applied voltage.
To evaluate the speakers, an accelerometer was used to measure their response. An
Arduino DUE was used to measure and record the accelerometer values. For both the sub
woofer and tweeter, a polycarbonate disk was machined and glued to the speaker cone to
create a flat surface to for accelerometer mounting as shown in Figure 4-12 and Figure 4-13.
An Agilent 33220A signal generator was used to produce a sinusoidal voltage source to
excite each speaker.
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Figure 4-12 Polycarbonate disk for Tweeter

Figure 4-13 Accelerometer mounted on Tweeter

Initially, a digital accelerometer was used to characterise the three speakers. However as
higher frequencies were tested it became apparent that the sample rate of 250Hz was too
slow resulting in an under sampled signal shown in Figure 4-14. For this reason it was
replaced with an analog accelerometer which was capable of a sampling rate of over 1000
Hz, this was an adequate sampling rate to record the sine wave produced as shown in Figure
4-15. The limiting factor here was the clock speed of the Arduino and how fast it could send
data to the laptop.

Figure 4-14 Digital Accelerometer Test at 60 Hz

Figure 4-15 Analog Accelerometer Test at 60 Hz

With the new accelerometer attached, the frequency of the excitiation signal applied to the
three speakers was swept through the required range with the voltage ranging from 1 to 5V.
The data was analysed and the electro dynamical exciter plate was ruled out as it could not
produce the required acceleration at the low frequencies required. The tweeter and sub76

woofer had comparable performance under all criteria except the large soft cone of the sub
woofer made it slightly unstable. The accelerometer showed that there was acceleration off
the vertical axis. For this reason the tweeter was chosen as the base for the mini shaker.
4.4.2

Tweeter Charaterisation

Using a signal generator to excite the speaker and an analog accelerometer for
measurement,

the tweeter was characterised. A frequency sweep from O-lOOHz

excitation voltages from 1-5V

with

was carried out. The natural resonant frequency of the

speaker was measured to be around 35 Hz as seen in Figure 4-16. It also noted that there
was very little acceleration in the critical 20 to 30 Hz range.
Tweeter Speaker Characterisation

Frequency (Hz)

Figure 4-16 Tweeter Characterisation

The excitation voltage was increased up to 10 V but this still did notproduce the required
acceleration levels. It was then discovered that although the signal generator was displaying
lOV due to the high load of the speaker it could not produce enough current and was in fact
only supplying just over 2 V. To overcome this an audio amplifier was used to boost the
power and this enabled the speaker acceleration to reach 3 g peak to peak at 20 Hz.
4.4.3

Mini shaker Optimisation and Delvelopemnt

With the required acceleration and frequency ranges achieved, focus turned to design
optimisation. As it stood the design was not portable as it required a signal generator and
large audio amplifier, which both required mains electricity. To eradicate this a redesign was
made, using the Arduino the produce the sine wave excitation and an operational amplifier
(op-amp) to control the accleration. A computer program was developed to control the
frequency and give live feedback from the accelerometer. The Arduino coding, software
development and circuit design was completed by fellow MANpower project member Mr.
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Manuel Caballero (Electrical Engineering masters student). This became the mark 1
prototype and Figure 4-17 shows a schematic of all the components.
Displacement
Sensors

Accelerometer

Piezoelectric EH

^________

f
%
Software

Arduino

Op-Amp

Speaker

Power Circuit

Figure 4-17 Schematic of Mini Shaker Mark 1

There were some problems with the mark 1 prototype which came apparent when testing
commenced. At the lower frequencies the speaker was producing a distorted sine wave as
seen in Figure 4-18. This was shown both from the accerometer data and the voltage
produce by the voltage produced by the energy harvester. The motion of the speaker was
analysed using a high speed camera and this confirmed the problem. The source sinusiodal
wave produced by the Arduino was checked using an oscilloscope, it revealed that it
produced a pefect waveform until it was connected to the speaker. From this it was
determined that the high load of the speaker was causing the op-amp to saturate. To rectify
this the op-amp was supplied with a 9V battery rather than the 5V supply from the Arduino.
The rectified results can be seen in Figure 4-19. At this stage of the project laser
displacement sensors were available, they were used for the measurement as they were
much faster to used without having to track a high speed video. Both measurment methods
had been calibrated and verified to be accurate.

Figure 4-18 High Speed Camera Displacement data from speaker running at 20 Hz, Supply voltage 5V
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Figure 4-19 Laser displacement sensor displacement data from speaker running at 20 Hz, Supply Voltage 9V

4.4.4

Proposed Energy Harvester Clamp

In order to secure the Tyndall energy harvester to the mini shaker's top plant a clamp had to
be fashioned. First a rectangle had to be milled out of the top plate to allovA/ the harvester to
vibrate freely in both directions. A silicon clamp was then fabricated and held in place with
some plastic screws as shown in Figure 4-20. The screws could then be tightened to secure
the silicon wafer that each energy harvester would be fabricated on.

Figure 4-21 shows a

blank silicon wafer held by the clamp.

. Accelerometer
\

^

, .

^

Clamp

/

4

/

M speaker

Speaker Plate

Figure 4-20 Tyndall Harvester Clamp Fabrication

4.4.5

Figure 4 21 Tyndall Harvester Clamp with Silicon wafer

Mini Shaker Testing and Validation

In order to validate the performance of the developed mini shaker, it was compared against
an electromagnetic shaker. The Mini Sense energy harvester was used for the testing. It was
attached to the mini shakers plate as shown in Figure 4-24. The laser displacement sensors
were used to measure the relative tip displacement of the harvester and an oscilloscope was
used to measure and record harvester output voltage.
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Assuming the piezoelectric is a current source sine wave of constant amplitude and has the
piezoelectric cap in parallel with the resistive load as shown in Figure 4-22. As a XIO probe
was used, this gave a resistance of lOMegOhms as indicated. This would give a maximum
10% error in reading relative to open circuit. This was deemed a negligible amount.

Figure 4-22 Piezoelectric voltage measurennent using an oscilloscope circuit diagram
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Figure 4-23 Effect of load resistance on output voltage
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3.00E+07

Figure 4-24 Mini Shaker Validation Experimental Set Up

The comparison was carried out over a frequency range of 35 to 80 Hz, passing through the
device resonant frequency of 60 Hz. The base excitation was kept at a constant amplitude of
0.2 mm. This had to be manually adjusted each time for the speaker as there was no
feedback loop to control the displacement. The recorded results are shown in Figure 4-25
and Figure 4-26. The tip displacement and voltage produced by the device when tested on
the speaker was slightly lower that when it was tested on the electromagnetic shaker. This
was attributed to the manner in which the harvester was clamped to the speaker top. The
clamp that had been designed to secure the proposed Tyndall harvester was not suitable for
the COTS harvester used for testing. Without being clamped securely some of the energy
may have been lost in the transfer and resulted in lower displacement amplitude. This would
not be an issue with the Tyndall harvester as the clamp would rigidly secure it to the
speaker's top plate.

Figure 4-25 Speaker Validation - Displacement Comparison

Figure 4-26 Speaker Validation - Voltage Comparison

It was noted that the speaker started producing a perfect sine wave above 35 Hz and at the
higher frequencies (80 - 100 Hz) couldn't produce displacements over 0.4 mm peak to peak.
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These limitations would not be an issue for testing the proposed energy harvesters as they
required very low acceleration levels within this frequency range. However this may be an
issue if higher acceleration levels were needed for accelerated reliability testing.

4.5

Chapter Summary

In order to validate both the 3D and 2D developed models, it is crucial to be able to
accurately measure the experimental data. Laser Doppler displacement sensors and a high
speed camera were analysed to assess their suitability for measuring the cantilever type
energy harvesters under base excitation. It was shown that the laser sensors could precisely
measure and record the tip displacement of the devices with a resolution of 1 pm. By using
two sensors in tandem the phase shift between the tip and base of the harvesters could be
observed and the relative displacement calculated. The relative displacement is important as
it is proportional to the induced strain on the piezoelectric material, and it's the strain that
produces the electric charge. The high speed camera footage recorded gave a very clear
image of the energy harvester's response. The footage could be used with the tracking
software to record displacement but its main advantage would be in the vibration mode
analysis. The videos could be used to analyse what resonant frequency mode the harvesters
were vibrating at, were they vibrating off axis or was there anything unexpected occurring.
By combining them with the laser sensors, a visual and precise response of the harvesters
could be recorded.
With a targeted resonant frequency of 20 to 30 Hz, it was important to be able to excite the
harvesters at this frequency with a sufficiently low acceleration as not to break them
unintentionally. The permanent magnet shaker available was designed to work at higher
acceleration than desired at this low frequency. For this reason a mini shaker was designed
and developed using an audio speaker and arduino. The mini shaker was validated at higher
acclerations against the permenant magnet shaker once it had been fine tuned. The custom
clamp for the Tyndall harvesters allowed the devices the be secured in place, but easily
interchangeable.
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Chapter 5 Experimental Set Up and Preliminary Analysis
5.1

Introduction

In this chapter there will be a mechanical analysis of three aluminium cantilever beams for
the purpose of initial model validation. Also discussed is an experimental analysis of
cantilever beam type energy harvesters in order to validate both analytical modelling and
FEM COMSOL modelling. Five piezoelectric harvesters were characterised both mechanically
and electrically. Three COTS devices and two Tyndall devices were used. The three COTS
harvesters will be referred to as Device 1, Device 2 and Device 3. All three have a Mylar
substrate and use PVDF as the piezoelectric material. Device 1 and 2 are simple cantilevers
but device 3 is a cantilever with a tip mass. The two Tyndall energy harvesters will be
referred to as Tyndall device 1 and Tyndall device 2. Both Tyndall devices had a silicon
substrate and mass and used ALN as the piezoelectric material. The driving force applied to
each device was a harmonic vertical base excitation provided by an electromagnetic shaker.
5.1.1

Simple Cantilever Beam Analysis

Before any piezoelectric energy harvesters were experimentally analysed or modelled a
selection of cantilever beams were used to confirm the mechanical validity of both the
computer simulated and analytical models. Aluminium beams were purchased with varying
dimensions and an analysis using the electromagnetic shaker was performed.
5.1.1.1 Simple Cantilever Beam Experimental Set Up and Procedure
Table 5-1 Aluminium Beam Parameters

Parameter

Cantilever 1

Cantilever 2

Cantilever 3

Length (m)

0.5

0.2

0.08

Width (m)

0.04

0.012

0.012

Thickness (m)

0.003

0.002

0.002

Aluminium

Aluminium

Aluminium

2715

2715

2715

71

71

71

Material
Density (kg/m^i
Young's Modulus (GPa)
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Figure 5-1 Simple cantilever beam experimental set up - Cantilever 3

Figure 5-1 shows how the aluminium beams were set up on the shaker. A calculation was
carried out for each cantilever to predict the expected first mode resonant frequency using
equation (5.1).

0)^ =

Where

0.162

12

El

(5.1)

pb

is beam thickness, L is beam length, Efy is the beams Young's modulus and

is

the density of the beam. Using the values in Table 5-1 the resonant frequencies of
cantilevers 1, 2 and 3 were calculated to be 9.94 Hz, 41.42 Hz and 258.8 Hz respectively. The
beams were then clamped to the shaker deck for characterisation. The resonant frequency
and lumped damping were measured using the high speed camera and laser displacement
sensors.

For all three devices there was a large difference between the predicted and

measured resonant frequencies. The measured frequencies were all lower by at least 20%.
There were several possible causes of this difference, either the beam parameters were
wrong, or one of the assumptions of a cantilever beam was not being met. The beam
dimensions were confirmed using a digital micrometre for the thickness and width and a
metre stick for the length. The manufacturer's material specification datasheet confirmed
the Young's modulus and each cantilever was weighed to confirm their density. One of the
assumptions of a cantilever beam is that is has a rigidly clamped base. This was investigated
by clamping each beam to a large solid metal base and again measuring the resonant
frequency. This time all three were within 3% of the predicted frequency. This suggested
that the shaker could not handle the torsional force caused by the inertial mass of the
cantilevers as they resonated. This was confirmed when the cantilevers were analysed with
a frequency sweep on the shaker. The high speed camera footage and laser displacement
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data clearly showed the shaker deck was not only osculating in the vertical direction, but
there was also a rotation at the base as depicted by the red arrow in Figure 5-2. This was
most apparent at resonance where the shakers feedback accelerometer showed that it was
deviating from the preprogramed base excitation amplitude. The base excitation peak to
peak amplitude was set to a constant 1 mm, however it varied by ±10% as the shaker
struggled to correct for the inertial force. This rotation at the base was causing an
absorption of energy resulting in a damping effect, and reducing the cantilevers tip
displacement.

Figure 5-2 High Speed Camera Image of Cantilever 3 deflecting at resonance

Cantilever 3 with a base excitation of 0.2 mm at resonance had enough torsional force to
cause the shaker top plate to rotate off the vertical axis. As this rotation was causing the
shaker to produce an inconsistent base excitation, it was decided that these cantilevers
could not be used for model validation. This was not an issue with the piezoelectric energy
harvesters as their low mass and short length meant the low torque the produced had no
effect on the shaker.

5.2

Device Characterisation

Table 5-2 COTS Energy Harvester Parameters

Parameter

Device 1

Device 2

Device 3

Simple cantilever

Simple cantilever

Cantilever with tip mass

Length (m)

0.032

0.032

0.01

Thickness (m)

0.0002

0.00006

0.00026

0.01219

0.01219

0.0055

48

15

60.5

0

0

0.003

Type

Width (m)
Resonant Frequency (Hz)
Tip mass (Kg)
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In order to model any device with accuracy, a characterisation has to be complete so that all
parameters are precisely known. Although manufacturers offer datasheets, there can be
differences between devices that can lead to discrepancies between experimental and
modelled results. Apart from the physical dimensions of each device, the resonant
frequencies, damping ratio, capacitance, impedance were measure before any response to
base excitations were studied. Three types of commercial off-the-shelf energy harvesters
were purchased for investigation. By using COTS low cost energy harvesters to develop test
structures and refine experimental test apparatus, the small number of sample energy
harvesters designed for the project could be analysed on a fully validated system. This
approach was taken to save time and prevent the accidental breakage of the devices.
5.2.1

Device 1 Piezoelectric Polymer Vibration Sensor - 200 nm Thick.

This thin film piezoelectric sensor has a polyvinylidene fluoride (PVDF) core laminated in a
sheet of polyester (Mylar). This device can produce up to 100 V depending on force and
impedance. The total thickness of the sensor was measured using a digital micrometre
screw gauge, (MITUTOYO Series 293-344 Digimatic Micrometer) recording an average
thickness of 220 pm. The damped resonant frequency of the device was determined by
clamping the base to a ridged support and subjecting the free end to an impulse. A laser
displacement

sensor

(Micro

Epsilon

optoNCDT

1420

-

Smart

Laser Triangulation

Displacement Sensor) was used to record the oscillations. From this the frequency and
damping could be extracted. The damping was calculated both by fitting an exponential
decay curve to the recoded displacement data, and using the following formula
2nd
1st

=

exp

■2(7r

5.2)

(

Where 1^^ and 2"*^ are the amplitude of the first and second oscillations of the beam, once
the initial chaotic response from the impulse have settled and ^ is the damping ratio. The
resonant frequency of the device was 48 FIz or 301.6 radians per second. The lumped
damping was calculated to be a damping ratio of 0.05, including both mechanical and air
damping. Figure 5-3 shows the decay curve for device 1.

86

Figure 5-3 Resonance and damping measurement of Piezoelectric Polymer Vibration Sensor

The capacitance and impedance of the energy harvester was measured using an impedance
analyser (HP 4192A LF). The capacitance was measured to be 0.9 nF and the impedance at
the resonant frequency was 2.35 MQ. With these values the thickness of the PVDF could be
calculated using equation (5.3). Initially the lead wires attached to the harvester affected the
impedance measured and resulted in an incorrect thickness. The true capacitance value was
found by removing the wires and measuring across the harvesters terminals.

C =

U

(5.3)

Where Sq is the permittivity of free space, Sj- is the relative permittivity, C is the
capacitance, A is the area of piezoelectric material and tp is the piezoelectric thickness.
From this the thickness of PVDF was calculated to be 45 pm.
5.2.2

Device 2 Piezoelectric Polymer Vibration Sensor - 60

Thick

This thin film piezoelectric sensor has the same dimensions as device 1 except the complete
device is thinner. Again the piezoelectric material is PVDF laminated in polyester. Device 2
was characterised using the same experimental procedure as device 1. The total thickness
was measured to be 68pm and the resonant frequency was 15 Hz or 94.2 radians per
second. The damping ratio ^ calculated for this device was 0.085 while the capacitance and
impedance were measured to be 0.9nF and 7.7 MQ respectively. The thickness of the PVDF
layer was calculated using equation (5.3) and was once again 45pm.
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5.2.3

Device 3 Mini Sense 100 Vibration Sensor

This cantilever type energy harvester as shown in Figure 5-4, has a 0.3 gram rivet mass
attached to the free end. The mass increases the sensitivity of the device and reduces the
resonant frequency. This vibration sensor is the closest representation to the device
required to power the pacemaker as they both contained a tip mass. As with devices 1 and
2, the Mini Sense is a PVDF based piezoelectric device with a polyester protective laminate.
These vibration sensors are typically used in anti-theft devices, vehicle motion sensing and
impact sensing.

Figure 5-4 COTS harvester with tip mass

This device was characterised is the same fashion, using the same equipment, as devices 1
and 2. The damped resonant frequency was measured to be 60.5 Hz or 380.1 radians per
second and the damping ratio I, was calculated to be 0.115. The capacitance was measured
to be 139 pF and the device impedance was 10 MQ at resonance. The PVDF thickness was
calculated to be 35 pm while the total thickness was measured to be 214 pm.
5.3

Experimental Set Up

The aim of the initial experiment was to measure the mechanical and electrical response of
each device to an external vibrational source. Their suitability for modelling would be
assessed depending on the experimental results.

Each of the three off the shelf energy

harvesters were excited using an electromagnetic shaker as the method of base
displacement. The shaker used in the experiments was a IDS V450 - Permanent Magnet
Shaker. The experimental set up is shown in Figure 5-5. The relative tip to base displacment
of each device was recorded using two laser displacment sensors and verified using a high
speed camera. An oscilloscope (Aglient Technologies DS01022A) was used to record the
open circuit AC voltage produced by the piezoelecric material as it deflected and a strain
was induced. The three harvesters were analysed using a constant amplitude sinusidal base
excitation. A frequency sweep was performed on each device, passing through their
previously measured resonant frequency.
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Figure 5-5 Experimental 5et Up

5.3.1

Device 1:200 ixm Thick Suitability Assessment

The slightly thicker of the two thin film sensor without a mass was analysed first. As this
device had two metal rivets at the base to attach the lead wires, a rubber sheath was
fashioned in order to clamp it to the shaker, without causing a short circuit across the
terminals. The device was subject to a base excitation of 1 mm peak to peak at frequencies
ranging from 20 to 70 Hz. At each frequency step, the tip displacement and voltage were
recorded and the data was plotted. The device had a relatively typical second order
response for the displacement recorded as shown in Figure 5-6. The voltage followed a
similar profile but seemed to increse with frequency for a given displacement, i.e at 30 Hz
the tip displacement was approximately 2 mm with a voltage of approximately 2.5 V.
However, at 65 Hz the tip displacment was again approximately 2 mm but now the voltage
had increased to 9 V. This was due to the fact that the voltage that a piezoelectric device
produces is proportional to the strain to which the material is subject and this is
proportional to the the relative displacment between the tip and the base of the cantilever.
Therefore the relative tip displacment would have a similar profile to voltage. The reason
the voltage increased with frequesncy may have been caused by the change of impedance
with frequency that piezoelectric harvesters experience.
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Figure 5-6 Device 1 Piezoelectric Polymer Vibration Sensor - 200 gm Thick, base excitation 1mm, frequency sweep analysis

The high speed camera footage was analysed and it was confirmed that the beam was
vibrating at its first resonant frequency. It was also noted that it was only vibrating in the
vertical axis with no torsional effect along the longitudinal axis. This fulfilled the assumptions
needed for modelling a cantilever so the device was deemed suitable.
5.3.2

Device 2: 60

Suitability Assessment

The thinner of the two thin film sensors was analysed for its suitability for modelling. The
device was clamped in the same way as the previous device using a rubber sheath. Again the
device was subject to a constant base displacement of 1 mm peak to peak, however this
time the frequency was swept from 5 to 30 Hz. Tip displacement and voltage produced were
recorded using the same equipment as previously described.

Figure 5-7 Device 2 Piezoelectric Polymer Vibration Sensor - 60 pm Thick, base excitation 1mm, frequency sweep analysis

As Figure 5-7 shows the response of the Device 2 was much more erratic than previously
measured with the thicker Device 1. The voltage had an unexpected response as the
frequency increased and showed no resemblance to the anticipated second order system
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response. When the high speed camera footage was analysed it became apparent that this
device was not only vibrating on the vertical axis but had a very apparent torsional motion
along the longitudinal axis. On closer examination of the device, it seemed to have sustained
a small amount of damage during shipping or manufacture as shown in Figure 5-8. As this
device was just 60 pm thick it was extremely fragile and susceptible to creasing or folding.
There was a number of these devices purchased and all had visible defects. After testing
several more of these devices and recording more unpredictable behaviour, it was decided
they were unsuitable for modelling.

Figure 5-8 Device 2

5.3.3

60nm Energy Harvesters with Clear Visible Damage

Device 3: Mini Sense Vibration Sensor Suitability Assessment

The third device had to be clamped using a different method to the first two devices. At the
base of the harvester were two male pin connections so two female connectors were used
to mount the device. These connectors were then attached to a small block of wood using a
rigid epoxy. Wood was used as it is an insulator, lightweight and readily available. The device
could then be clamped securely to the shaker. Again the device was subject to a 1 mm base
excitation and a frequency sweep passing through its resonant frequency at 60 Hz. The
experimental equipment used was the same as previously described and the tip
displacement and voltage were recorded.
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Figure 5-9 Device 3 COTS harvester with a tip mass -base excitation 1 mm, frequency sweep analysis

The mechanical response of this device represented a second order system with a
symmetrical bell shaped curve. The electrical response recorded was similar to the first
device tested and showed how at frequencies above resonance the relative displacement
increases as the base and tip move out of phase. The high speed camera footage showed
that the device was resonating at its first mode shape (Figure 5-10), with no off axis torsional
movement. Under visual inspection the device had no damage or defects and with all this
considered it was concluded this energy harvester was also suitable for modelling.

J

Figure 5-10 Fiigh Speed Camera Image of Mini Sense 100 Vibration Sensor vibrating at first mode resonance

5.4

Tyndall Energy Harvester Experimental Set up

5.4.1

Tyndall Device 1:50 pm Thick Cantilever

The proposed energy harvesters for the implantable pacemaker project were designed to
have a 5 pm thick cantilever beam and a resonant frequency of 20 to 30 Hz. As the
fabrication process was developed, the first MEMS devices fabricated had a 50 pm thick
cantilever and a predicted resonant frequency of 300 to 400 Hz. All other dimensions were
the same as the proposed low frequency devices. The Tyndall devices were fabricated from
silicon with aluminium nitride (ALN) as the piezoelectric material. These devices were
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fabricated on silicon wafer as shown in Figure 5-11. The 3D model of the device is shown in
Figure 5-12

Figure 5-11 Tyndall Device on Silicon Wafer

Figure 5-12 3D Model of Tyndall Device

The mini shaker described in section 4.4.1 was developed to test the MEMS energy
harvester fabricated by Tyndall was designed to work at frequencies from 20 to 100 Hz
where the electromagnetic shaker was unsuitable. As the devices supplied by Tyndall had a
much higher resonant frequency there were analysed on the electromagnetic shaker. To
secure the devices to the shaker deck, a clamp was fabricated using polycarbonate. The
wafer was clamped between two polycarbonate sheets with a slot milled above and below,
to give the energy harvester room to vibrate freely. This is shown in Figure 5-13.

Custom ?haker Clamp

rnOBmmimmm
Figure 5-13 Tyndall 50 gm thick energy harvester secured to electromagnetic shaker

The methodology and test procedure developed using the COTS energy harvesters were
used to test the energy harvesters fabricated by Tyndall. To confirm the devices were
electrically functional, their capacitance and impedance were measured to be 2.63 nF and
0.35 MQ respectively using an impedance analyser. The laser displacement sensors were
used to measure the tip and base displacement of the harvester and an oscilloscope and
digital multimeter were used to measure the electrical performance.
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5.5

Tyndall Device 2:15 iJim Thick Cantilever

Tyndall also produced some energy harvesters with a 15 pm thick cantilever and a predicted
resonant frequency of 60 to 70 Hz. These MEMS energy harvesters were suitable for testing
with the developed mini shaker. This testing was carried out in Tyndall National Institute.
These devices were also silicon based with ALN as the piezoelectric material. In order to
confirm that the device was electrically functional, the capacitance was measured using a
Hewlett Packard 4284 A 20 Hz - 1 MHz precision LCR meter. The capacitance was measured
to be 2.45 nF.

Figure 5-15 Mini Shaker on Polytec with 15 pm Thick

Figure 5-14 Polytec Laser Doppler Vibrometer

Device

First the ALN thickness was confirmed by comparing the measured capacitance value to a
calculated value using an ALN thickness of 0.45 pm. The calculated value of capacitance was
2.48 nF, just 0.03 nF off the measured value using equation (5.3).
With the device known to be electrically fully functional, the resonant frequency was
measured using a Polytec MSA-400 micro system analyser (Figure 5-14). The device was
excited with a small impulse and the displacement decay profile was measured. From this,
the Polytec computed a resonance frequency of 61.38 Hz. This test was repeated and the
open circuit voltage was measured using an oscilloscope. From this, the resonant frequency
was measured to be 61 Hz.
With the device secured to the audio vibration shaker using the clamp as shown in Figure
5-15, an initial test was carried out to check calibration. The mini shaker was set to vibrate
with sinusoidal acceleration at 0.1 g peak to peak at 61 Hz. The Polytec gave a frequency of
60.25 Hz, the oscilloscope gave a frequency of 60.98 Hz and the accelerometer gave a
94

frequency of 60 Hz. With the calibration complete the device was then tested at
acceleration levels ranging from 0.25 g to 1.2 g peak to peak.
5.6

Results Processing

It was important when comparing the measured experimental results to the analytical and
COMSOL modelled results, to ensure consistent frames of reference. The energy harvesters
produce a voltage when a strain is induced on the piezoelectric crystals, and strain is
proportional to the relative displacement between the tip and base. For this reason it was
decided that the relative displacement of the harvesters should be examined. To measure
the relative displacement experimentally, two laser displacement sensors were used to
simultaneously measure the base displacement and tip displacement. The phase shift
between the two values could then be accounted for and the relative displacement
calculated as shown in Figure 5-16. This had to be completed for each frequency step for
each energy harvester.

Figure 5-16 Experimental relative tip displacement measurement (Mini Sense 85 Hz)

When extracting the results from COMSOL, the displacement graph that is produced in the
frequency domain is the maximum tip displacement. The maximum base displacement can
also be produced but to find the relative displacement, it has to be calculated using the
phase shift. Figure 5-17 shows the raw data extracted from COMSOL of a model running
with a 1 mm base excitation over a range of frequencies passing through its first mode
resonance at 59 Hz. Figure 5-18 shows the difference between maximum tip displacement
and the calculated relative displacement. The relative displacement profile is similar to the
voltage profile seen previously in Figure 5-9, showing that they are correlated. It was also
noted that maximum relative displacement occurred slightly above the resonant frequency.
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Figure 5-18 COMSOL - Relative Displacement

Figure 5-17 COMSOL - Raw Data

There was less work involved in the results processing from the analytical model as it was
coded to produce the relative displacement as the default.

5.7

Chapter Summary

The objective of this chapter was experimentally analyse both the COTS energy harvesters
and the harvesters developed by Tyndall and evaluate were they suitable for modelling and
develop a method to process the recorded data. The first point off interest was that the 60
pm thick simple cantilever COTS harvester (Device 2) gave unrepeatable results when
experimentally measured. The devices appeared to have been damaged and as a result were
not vibrating solely at their first mode resonant frequency. This was revealed on the high
speed camera footage, making them unsuitable for model validation. All other energy
harvesters produced repeatable data and were vibrating only at their first mode. As well as
the energy harvesters, the experimental equipment was analysed for its suitability. An
analysis using aluminium beams revealed the permanent magnet shaker became unstable if
a sufficient amount of torque was applied. The mass of the aluminium beams at resonance
was enough to cause this effect but the energy harvesters were small enough to have no
influence on the shaker. The importance of having two laser displacement sensors to
measure phase shift was demonstrated. The phase was used to calculate the relative
displacement between the tip and base of the harvesters. The relative displacement is key
as it is proportional to the voltage produced in the piezoelectric material.
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Chapters Results
6.1

Introduction

In this chapter, the experimental results will be compared to the results predicted by both
the 3D COMSOL models and the 2D analytical models. There were four types of piezoelectric
energy harvesters analysed. Two COTS energy harvesters, which had a Mylar substrate and
PVDF as the piezoelectric material. One COTS harvester was a simple cantilever and the
other was a cantilever with a point mass. Both type were analysed in order to check the
validity of the models for devices with and without a point mass. Two Tyndall energy
harvesters were also analysed, both consisted of a silicon substrate and mass and used ALN
as the piezoelectric material. One Tyndall harvester had a 50 pm thick cantilever and the
other was 15 pm thick. All four devices were fixed-free type cantilevers and all excited
through base excitation. There were all analysed using a constant amplitude sinusoidal base
displacement over a number of frequencies passing through their first mode resonant
frequency. The simple cantilever COTS harvesters, the COTS harvester with a tip mass, the
50 pm thick Tyndall device and the 15 pm thick Tyndall device had resonant frequencies of
48 Hz, 61 Hz, 375 Hz and 61 Hz respectively. For each device, the relative tip displacement
and voltage generated were recorded at each frequency. These were both graphed against
frequency and compared to the modelled results.

6.2

MEAS Energy Harvesters

Once it had been established which devices were suitable for model validation, 10 of each
COTS energy harvesters were purchased for experimental analysis. The large sample size
was chosen to establish an average mechanical and electrical response for each of the two
devices under controlled conditions. This would give a more accurate representation of each
and help eliminate the influence of any defective or damaged devices. Both devices were
tested with a sinusoidal base excitation with an amplitude of 0.5 mm (1 mm peak to peak)
on an electromagnetic shaker. Their relative tip displacement was recorded using laser
displacement sensors and their open circuit voltage was recorded with an oscilloscope. The
effects of the oscilloscope on the voltage was deemed negligible. All measurements taken
followed the procedures outlined in section 5.2.1.
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6.2.1

Simple Cantilever Type Harvester Without a Tip Mass

Table 6-1 lists the devices parameters. The first measurement was the devices damping ratio
and resonant frequency as shown in Figure 6-2. The energy harvester was actuated with an
impulse and the displacement was measured using a laser displacement sensor.

The

damping ratio was calculated to be 0.05 and the damped resonant frequency was measured
to be 48 Hz. Figure 6-4 shows a comparison between the measured relative displacement
and the modelled values. It can be seen that at resonance, both models match the
experimental value, however off resonance both models lose accuracy.

Figure 6 1 Thin Film Piezoelectric Energy Harvester
Table 6-1 Energy Harvester Parameters

Beam
Beam
Beam
Beam
Beam
Beam
PVDF
PVDF
PVDF
PVDF
PVDF
PVDF
PVDF
PVDF
PVDF
PVDF

Parameter
Length (m)
Width (m)

Device

0.032
0.01219
0.000194
Polyester (Mylar)
1390
4.9
0.03
0.01219
0.000045
PVDF
1780
1.1
0.28
0
0.9
2.35

Thickness (m)
Material
Density (kg/m^^
Young's Modulus (GPa)
Length (m)
Width (m)
Thickness (m)
Material
Density (kg/m^^
Young's Modulus (GPa)
Voltage Constant g31 (Vm/N)
Tip Mass (kg)
Capacitance (nF)
Impedance at 48Hz (MO)
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Measured
Measured
Measured
From Datasheet
From Datasheet
From Datasheet
Measured
Measured
Measured
From Datasheet
From Datasheet
From Datasheet
From Datasheet
From Datasheet
Measured
Measured

Time (s)
Figure 6-2 Damping Decay Curve - Damping Ratio = 0.05

Time (s)
Figure 6-3 COMSOL FEM model. Extracted Damping Damping ratio 0.108

—

M«asured Voltage

— Analytical Voltage EB
Analytical Voltage Pf & EPF
—

FEM Voltage
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Figure 6-4 Peak to Peak Relative Displacement

Figure 6-5 Peak to Peak Voltage

The analytical model consistently under predicts the displacement amplitude while the FEM
model significantly over predicts. A key factor in the FEM model was that it required a
damping ratio of 0.13 to calculate the Rayleigh coefficients in order to match the
displacement at resonance while the analytical model used the experimentally measured
0.05 value. With this increased damping, the FEM model's displacement had a flatter profile
than the measured data, resulting in the inaccuracy off resonance with an error of 35.3% at
65 Hz compared to the analytical models error of 25.8% for the same frequency.
Figure 6-5 shows a comparison between the measured voltage and the modelled values.
There were three analytical voltage models, the pin-force (PF), enhanced pin-force (EPF) and
the Euler Bernoulli (EB) which were developed in chapter 2. As the piezoelectric layer was so
thin, the pin-force and enhanced pin-force gave the same voltage value and are therefore
represented on the graph as a single line. At resonance both the analytical (EB) and the FEM
model predicted a peak to peak voltage of 25 V while the measured value was 27 V. This was
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a percentage error of 7%. The analytical (PF & EPF) predicted a peak voltage of 31.3 V with a
percentage error of 16.3%. However, before resonance the analytical (PF & EPF) is in fact the
most accurate modelled results. Like the displacement data off resonance the FEM model
consistently over estimates while all three analytical models under-estimate from the
measured values. Again the FEM model required the higher damping ratio in order to
achieve the shown voltage levels.
As a damping ratio cannot be input directly into COMSOL an analysis was carried out to the
damping effect on the model. This was complete by running the model in a transient
analysis, subjecting it to an impulse and recording the decay curve as seen in Figure 6-3. This
produced two unusual results, firstly although COMSOL's Eigenfrequency was predicted at
47.78 Hz and in the frequency domain the peak displacement and voltage occurred at 47.78
Hz, the frequency extracted from the transient analysis was just 41 Hz. Secondly the
damping ratio was not consistent between the peaks. Between the first and second cycle it
was calculated to be 0.108 using equation (5.2). An exponential decay curve was plotted
with this value of damping it can be shown it only touches the first two peaks. The damping
ratio was calculated between the second and third peak to be 0.24 and between the third
and fourth to be 0.172. Although completely inconsistent all damping ratios extracted were
far greater than the experimental value of 0.05. When measuring the experimental damping
the device took over 0.3 seconds to settle, whereas the model only took one third of the
time even with a 50% higher initial amplitude. As mentioned in section 3.7.2.4, there may be
a degree of error in the calculation of the Rayleigh coefficients, as only one frequency mode
and damping ratio was used. However, the inconsistencies in the extracted damping suggest
the model didn't fully converge. The key results are listed in Table 6-2.
Table 6-2 Key Values

Parameter
Damped Resonant Frequency (Hz)

Measured

Analytical
{%err)

FEM
{%err)

48

48.27
0.6%
10.8
5%
25.4 (EB)
6.6%
0.05
0%

47.78
0.5%
10.4
1%
25.3
7%
0.13
160%

Maximum Displacement at Resonance (mm)

10.3

Maximum Voltage at Resonance (V)

27.2

Damping Ratio

0.05
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The g3i voltage constant used for the analytical model was 0.28 Vm/N, although typical
values for PVDF usually fall around 0.216 Vm/N [87]. The higher value was needed as the
PVDF thickness had been calculated to be 45 pm using the measured capacitance value. If
the thickness of the PVDF was in fact 47 pm the value of 0.216 could have been used.
Because there may have been a degree of error in the capacitance measurement or the
PVDF may not be completely uniform, the raised g3i value was deemed acceptable.

6.2.2

Mini Sense Vibration Sensor - COTS Energy Han/ester with Tip Mass

The Mini Sense vibration sensors parameters are listed in Table 6-3 and the device is shown
in Figure 6-6. The damping ratio and damped resonant frequency were measured to be 0.1
and 59 Hz respectively (Figure 6-7). Figure 6-9 shows the comparison between the measured
peak to peak relative displacement and the modelled relative displacement data. It can be
seen that the analytical model is accurate all the way up to the resonant frequency at 60 Hz.

Figure 6-6 Mini Sense Energy Harvester
Table 6-3 Mini Sense Energy Harvester Parameters

Beam
Beam
Beam
Beam
Beam
Beam
PVDF
PVDF
PVDF
PVDF
PVDF
PVDF
PVDF
PVDF
PVDF
PVDF

Device

Parameter
Length (m)
Width (m)

0.01
0.0055
0.00026
Polyester (Mylar)
1390
4.9
0.008
0.0055
0.00003
PVDF
1780
1.1
0.26
0.003
139
10

Thickness (m)
Material
Density (kg/m^^
Young's Modulus (GPa)
Length (m)
Width (m)
Thickness (m)
Material
Density (kg/m^^
Young's Modulus (GPa)
Voltage Constant g31 (Vm/N)
Tip Mass (kg)
Capacitance (pF)
Impedance at 48Hz (MO)
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Measured
Measured
Measured
From Datasheet
From Datasheet
From Datasheet
Measured
Measured
Measured
From Datasheet
From Datasheet
From Datasheet
From Datasheet
From Datasheet
Measured
Measured

The analytical model however has a slightly wider bandwidth than the measured data which
causes it to shift and lose accuracy by a couple of Hz above resonance. The FEM is most
accurate at resonance, and as with the last device the model required a higher damping
ratio (0.153) to calculate the Rayleigh coefficients, in order to match the displacement
amplitude while the analytical model did not. The FEM modelled displacement had a flatter
profile and increased bandwidth suggesting a high damping ratio also. This caused a
decrease in accuracy off resonance with an error 62% at 85 Hz compared to 25% for the
analytical model at the same frequency.
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Time (s)
Figure 6-7 Mini Sense Damping Decay Curve Ratio = 0.1

Figure 6-8 COMSOL FEM model, Extracted Damping Damping ratio 0.1

Measured Voltage
— Analytical Voltage EB
Analytical Voltage PF & EPF
—
30
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FEM Voltage
60

70

80

Frequency (Hz)
Figure 6-9 Mini Sense Peak to Peak Relative Displacement

Figure 6-10 Mini Sense Peak to Peak Voltage

Figure 6-10 shows a comparison between the peak to peak measured voltage and the
modelled voltage. Again the three analytical voltage models were used and as before the
thin piezoelectric layer resulted in the pin-force and enhanced pin-force models giving the
same values. The analytical Euler Bernoulli voltage model was the most accurate across
almost all frequencies, while the other two analytical models only lost accuracy near
resonance where they overestimated the voltage by up to 8.9%. The FEM model consistently
overestimated the voltage across all frequencies with an error of up to 42.9% at 85 Hz.
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However it was important to note that no exact piezoelectric coefficients were known for
the PVDF and the FEM model assumes perfect electrical properties. In reality, the electrical
properties of the mass produced COTS harvesters would not be perfect and this could
account for the over-estimation.
Again as there was increased damping required to calculate Rayleigh coefficients in the FEM
model, the damping was extracted from the model using a transient mode analysis. Again a
damping decay curve was fitted to the extracted data and the damping ratio was calculated
using equation (5.2). Using the experimentally measured damping ratio of 0.1, Figure 6-8
shows that the modelled transient response with the measured damping value was similar
to the measured response. The damping ratio was calculated between the first and second
peaks to be 0.102, while between the second the third and third and fourth the damping
ratios were 0.12 and 0.11 respectively. The extracted data also revealed that the energy
harvester was resonating at 61.5 Hz, only 1% off the predicted Eigenfrequency. Another key
point is that both the experimental results and FEM model show a settling time of 0.1
seconds for the decay. This shows that the model was being damped by the same amount
as measured for the device and there was an error in the Rayleigh damping calculation.
The g3i voltage constant used for the analytical model was 0.26 Vm/N, and was again
deemed acceptable due to possible errors in the calculated PVDF thickness. The key results
are listed in Table 6-4 below.
Table 6-4 Mini Sense Key Results

Parameter

Measured

Damped Resonant Frequency (Hz)

59

Maximum Displacement at Resonance (mm)

6.65

Maximum Voltage at Resonance (V)

72.8

Damping Ratio

0.1

103

Analytical
(%err)
60.2
2%
6.71
0.9%
70.91 (EB)
2.5%
0.1
0%

FEM
{%err)
60.8
3%
6.64
0.15%
77.8
6.8%
0.1
0%

6.3

Tyndall Energy Harvesters

6.3.1

50 urn thick Tyndall Energy Harvester

Figure 6-11 Tyndall Energy Harvester on Silicon Wafer

Table 6-5 Tyndall Energy Harvester Parameters

Cantilever
Cantilever
Cantilever
Cantilever
Cantilever
Cantilever
ALN
ALN
ALN
ALN
ALN
ALN
ALN
ALN
ALN
Mass
Mass
Mass
Mass
Mass
Mass

Parameter

Device

Length (m)
Width (m)

0.003
0.0048
50
Silicon
2329
130
0.003
0.0048
0.5
Aluminum Nitride
3260
1.1
2.63
0.35
0.135
0.005
0.0048
0.0004
Silicon
2329
130

Thickness (pm)
Material
Density (kg/m^^
Young's Modulus (GPa)
Length (m)
Width (m)
Thickness (pm)
Material
Density (kg/m^^
Young's Modulus (GPa)
Capacitance (nF)
Impedance at 375Hz (MD)
Voltage Constant g31 (Vm/N)
Length (m)
Width (m)
Thickness (m)
Material
Density (kg/m^^
Young's Modulus (GPa)

From Datasheet
From Datasheet
From Datasheet
From Datasheet
From Datasheet
From Datasheet
From Datasheet
From Datasheet
From Datasheet
From Datasheet
From Datasheet
From Datasheet
Measured
Measured
From Datasheet
From Datasheet
From Datasheet
From Datasheet
From Datasheet
From Datasheet
From Datasheet

The Tyndall energy harvester's parameters are listed in Table 6-5 and it is depicted in Figure
6-11. This harvester was analysed using the method developed using the COTS energy
harvesters. The resonant frequency was measured to be 375.3 Hz and the damping ratio
was measured to be 0.00085 using the measured data shown in Figure 6-13. The device was
then tested over a number of frequencies ranging from 365 Hz to 380 Hz passing through its
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first resonant mode at 375.3 Hz. The frequency sweep was run at three sinusoidal base
acceleration levels, 0.05 g, 0.08 g and 0.1 g. Initially the peak to peak displacement (Figure
6-15) and peak to peak open circuit voltage (Figure 6-17) were recorded for each frequency
over each level of acceleration. With the COTS energy harvesters, the relative displacement
between the base and the tip had to be calculated, as relative displacement is proportional
to the voltage produced. However as the Tyndall device was excited with such low
acceleration, the base displacement reached a maximum value of 0.353 |im peak to peak at
0.1 g of acceleration. Whether this was in phase or out of phase had no noticeable effect, as
it was such a low percentage of the tip displacement. For this reason it was neglected. The
sweeps were repeated to measure the current produced with a load equal to the measured
impedance value of 0.35 MQ using an Agilient 34410A 6.5 Digit Multimeter. The power was
then calculated for each sweep shown in Figure 6-19. Finally the power was measured
against a varying load while the energy harvester was excited at resonance (375.4 Hz).
6.3.1.1 FEM COMSOL Model

In order to model the device in COMSOL the Rayleigh damping coefficients were again
calculated from the measured damping ratio. A transient response was used to extract the
damping ratio back out of the model shown in Figure 6-14. Although it appears to at a higher
frequency than Figure 6-13, it was just recorded at a higher sampling rate than was possible
to measure experimentally. The damping ratio extracted was confirmed to be the same as
the measured value of 0.00085.

With the calculated damping coefficients the modelled

displacement profile for each acceleration level shown in Figure 6-16 matched the measured
displacement data. Although COMSOL predicted an Eigenfrequency of 375.39 Hz as shown
in Figure 6-12, it had a peak displacement at 375 Hz, 0.1% off the measured value.

Eigen frequency=375.39

Figure 6-12 Tyndall Device - COMSOL Eigenfrequency
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Figure 6-13 Tyndall Device Damping Decay Curve, Damping
Ratio = 0.00085

Measured

366

Figure 6-14 Tyndall Device - COMSOL Modelled Damping
Decay Curve, Damping Ratio = 0.00085

Modelled

368

370

372

374

376

Frequency (Hz)
Figure 6-16 Tyndall Device - COMSOL Modelled Peak to Peak
Displacement

Figure 6-15 Tyndall Device Measured Peak to Peak
Displacement

Frequency (Hz)

Frequency (Hz)

Figure 6-18 Tyndall Device- COMSOL Modelled Peak to Peak
Open Circuit Voltage

Figure 6-17 Tyndall Device Measured Peak to Peak Open
Circuit Voltage
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Figure 6-19 Tyndall Device Measured Power, Load of 0.35 MQ

Figure 6-20 Tyndall Device- COMSOL Modelled Power, Load
of 0.35 MO

Figure 6-21 Tyndall Device Measured Power with Varying
Resistance at Resonance (375.3 Hz)

Figure 6-22 Tyndall Device- COMSOL Modelled Power with
Varying Resistance at Resonance (375.3 Hz)

Despite the simulation model having the same displacement profile as the measured data,
the modelled voltage and power far exceeded the measure value by over 50%, shown in
Figure 6-18, Figure 6-20 and Figure 6-22. This level of error was too large to be attributed to
losses to the measurement equipment. The difference between the results may have been
caused by differences in electrical material properties.

There are many steps in the

fabrication process of these MEMS energy harvesters and as a result there can often be a
difference in their electrical performance between different fabrication runs.
The modelled results assume perfect electrical properties v/ithin the ALN piezoelectric layer.
COMSOL has a default D33 piezoelectric coefficient value of 5.49 pC/N where Tyndall
measured typical values of the ALN they produce to be in the range of 2 to 4.8 pC/N [88].
Although the energy harvester is generating power in the D31 direction it is hard to measure
this value experimentally. COMSOL has a default D31 value of 1.729 pC/N, 31.5% of the D33
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value. If this percentage is applied to the measure D33 value the range of D31 is 0.63 to 1.52
pC/N. It \A/as found by applying a D31 value of 0.81 pC/N, that the model predicted the energy
harvester's electrical performance in agreement with the measured values. This new
comparison between measured and modelled is shown in Figure 6-23 through Figure 6-28.
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Frequency (Hz)
Figure 6-23 Tyndall Device Measured Peak to Peak Open
Circuit Voltage

Frequency (Hz)
Figure 6-24 Tyndall Device- COMSOL Modelled Peak to Peak
Open Circuit Voltage, Dsi^O.Sl pC/N

370

374

376

Frequency (Hz)

Frequency (Hz)
Figure 6 25 Tyndall Device Measured Power, Load of 0.35
MO

Figure 6-26 Tyndall Device- COMSOL Modelled Power, Load
of 0.35 MO, D3i = 0.81 pC/N

Figure 6-27 Tyndall Device Measured Power with Varying
Resistance at Resonance (375.3 Hz)

Figure 6-28 Tyndall Device- COMSOL Modelled Power with
Varying Resistance at Resonance (375.3 Hz), D31 = 0.81
pC/N

6.3.1.2 Energy Harvesting From Heartbeat

With the 3D model accurately modelling displacement and power of the Tyndall energy
harvester, a heartbeat acceleration profile was applied to the model to predict the response.
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The acceleration data was supplied by project partner KU Leuven, who measured the data
by placing an accelerometer in a live sheep's heart. A capsule containing an accelerometer
was implanted intravenously into the heart as shown in
Figure 6-29. Figure 6-30 shows the recorded data for one heartbeat cycle. The movement of
the heart beat can be seen at 0.45 seconds. This sudden acceleration would act as an
impulse to the energy harvesters and is where there is most potential for energy harvesting.
This impulse lasts between 0.03 and 0.05 seconds, and this is the expected source of the 20
to 30 Hz frequency component of acceleration targeted as the resonant frequency for the
implanted pacemaker. As the Tyndall energy harvester tested has a resonant frequency of
375 Hz it was unlikely that it would capture much energy from the impulse.

Figure 6-29 X-ray Image of Encapsulated
Accelerometer in Live Sheep Heart

Figure 6-30 Sheep's Heartbeat ID Acceleration Profile

Figure 6-31 shows the Tyndall energy harvesters mechanical response to the heartbeat.
Initially there was little motion, but there is a clear spike in displacement at 0.45 seconds
when the heartbeat occurs. This gave a maximum peak to peak displacement of 3 pm. There
are some oscillations following the impulse but with low amplitude. When plotting power
against resistance in Figure 6-28 it was established that a load of 0.2 MQ resulted in the
highest power. With the load optimised the Tyndall energy harvester produced a maximum
of 7.5 pW as shown in Figure 6-32. The harvester produced no measurable power until the
impulse of the heartbeat at 0.45 seconds, after which the resulting oscillations began to
produce increasing levels. Unusually they continued to rise after the impulse, this may have
been because of the succession of smaller vibrations from the heartbeat caused the
vibrations in the harvester to increase. However, the power levels are so minute it's of no
real benefit. If the simulation was run over a number of heartbeat cycles, the power
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amplitude may increase, as the device may build on the response from the previous cycle.
However, as the device is being excited so far from resonance the power generated would
never get close to the minimum 3-5 pW required for the pacemaker.

04

06

Time (s)
Figure 6-31 Tyndall Device, Modelled Displacement from
Heartbeat Acceleration

Figure 6-32 Tyndall Device, Modelled Power from Heartbeat
Acceleration, Load = 0.2 MO

6.3.1.3 Reliability Assessment

As there were very few samples available, an extensive reliability assessment was infeasible.
The FEM model was used to predict stress concentrations on the device and determine
where it was likely to fail. Figure 6-33 shows the predicted maximum stress is at the base of
the cantilever and this is where the harvester is likely to fail. One device was recorded on
high speed camera failing with a tip peak to peak displacement of 3.2 mm. At this
displacement, the FEM model predicted a stress concentration of 0.712 GPa at the anchor.

Figure 6-33 Tyndall Device Stress Concentrations
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Figure 6-34 shows a frame by frame of how the Tyndall device fractured. Figure 6-34 (3)
shows the crack forming along the anchor of the cantilever indicated with the red arrow.
After the cantilever broke free, the now free end whipped downwards causing the cantilever
to break free from the mass completely. Figure 6-34 (4) shows the mass moving away to the
right shown with the blue arrow, and the cantilever disappearing downwards shown by the
green arrow.

Figure 6-34 High Speed Camera Images of Tyndall Device Failure, Recorded at 2000 Frames per Second

Figure 6-35 shows the retrieved parts of the broken energy harvester. It took 1 g of
acceleration at resonance to break the device and failure occurred at the base of the
cantilever at predicted in the model. Tyndall National Institute have fabricated many similar
devices and they predict the fracture point of the silicon the is 0.5 to 1 GPa, although they
have not published these findings. More devices are required to complete a full reliability
analysis to confirm if this failure point is repeatable.
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Figure 6-35 Tyndall Device After Failure

6.3.1.4 Analytical Model

The analytical model had been developed as a simplified 2D model of a fixed free type
piezoelectric cantilever beam with a tip mass excited through sinusoidal base displacement.
This suited the previously modelled Mini Sense energy harvester, as it was a cantilever with
its length over twice as long as its width and a dense mass at its tip. In contrast, the Tyndall
device had a cantilever wider than it was long, with a mass almost twice the length of
cantilever. This meant the system had to be simplified to be modelled using the analytical
model. The mass was removed and tip mass was applied, as a point mass,to the free end of
the cantilever as shown in Figure 6-36. The tip mass was increased until the resonant
frequency of the model match the 375.4 Hz resonant frequency of the device measured
experimentally.

Tip Mass

Figure 6-36 Simplified 2D Model of Tyndall Device

The analytical model was based on a model shape analysis to calculate the displacement of
the beam. In order to calculate the tip displacement of the harvester, the mode shape had
to be modified. It was assumed that there was no bending in the mass, so the mode shape
of the cantilever was extended tangentially from its tip with a straight line to represent the
mass as shown in Figure 6-37. From this extension, the tip displacement could be calculated.
This simplified analytical model was then used to predict the Tyndall devices mechanical and
electrical response to base acceleration. When comparing Figure 6-38 to Figure 6-39 and
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Figure 6-40 to Figure 6-41 it can be shown that although the modelled results at resonance
are accurate the model became erratic and unstable below 373 Hz and above 375.5 Hz.

Figure 6-37 Analytical Model of Tyndall Device Mode Shape

Figure 6-38 Tyndall Device Measured Peak to Peak
Displacement

Figure 6-39 Tyndall Device, Analytical Model of Peak to Peak
Displacement

Figure 6-40 Tyndall Device Measured Peak to Peak Open
Circuit Voltage

Figure 6-41 Tyndall Device, Analytical Model Peak to Peak Open
Circuit Voltage

After some investigation it was found that the model was having issues when trying to
converge on a solution when the input frequency was off resonance. Figure 6-42 shows the
models response to 0.05 g at 371 Hz. The expected response would be a perfect sinuisodal
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wave but there are several inconsistent spike points on the graph. The problem appears to
be a numerical issue, but more investigation would be required to prove this. As the samples
were received so late in the project, there wasn't sufficient time to resolve the issue
permanently, as the initial attempts were unsuccessful. To smooth out the graph the
response was assumed to be a perfect sinusoidal wave and for each frequency a corrected
sine wave was fit to the response as shown in Figure 6-43.

Figure 6-42 Analytical Model Displacement at 371 Hz

Figure 6-43 Analytical Model Corrected Displacement at 371 Hz

With the adaptations made, the model was run again and the results were much smoother
with the same amplitude as the experimentally measured results as seen in Figure 6-46,
Figure 6-47, Figure 6-48 and Figure 6-49. However, the simplified 2D system required a
damping ratio of 0.0024, almost 3 times larger than the experimentally measured value of
0.00085. Although both damping ratios are extremely small, this is still a significant
difference. The way in which the large mass was simplified to a tip mass may have caused
the system to respond differently. To investigate this further, the simplified system was
modelled on COMSOL. A small tip mass was attached to the end of the cantilever and the
material density was increased until the resonant frequency matched the Tyndall harvester
as shown in Figure 6-44.

Eigenfrequency=376.21

Figure 6-44 Simplified Analytical Model, Modelled on COMSOL
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The model was then compared to a model with a full length mass. When a 0.1 g sinusoidal
acceleration was applied to the base of both models, the simplified model with the point
mass displaced over three times further than the simplified model. The displacement
measurement was taken from the point marked with the red arrows in Figure 6-45. The
model with the large mass displaced 0.05 mm peak to peak while the simplified model with
the tip mass displaced 0.18 mm peak to peak. This may explain why the analytical model
required a higher damping ratio to match the displacement.

Figure 6-45 Comparison of System Setup

Figure 6-47 Tyndall Device, Analytical Model of Peak to
Peak Displacement, Corrected

Figure 6-46 Tyndall Device Measured Peak to Peak
Displacement

Even with specialised equipment it is hard to accurately measure the g3i value of a
piezoelectric material. As the FEM COMSOL model had been based on the measured
piezoelectric coefficients from Tyndall and was yielding accurate results, it was used to
calculate the value required for the analytical model.
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Figure 6-48 Tyndall Device Measured Peak to Peak Open

Figure 6-49 Tyndall Device, Analytical Model Peak to Peak Open

Circuit Voltage

Circuit Voltage, Corrected

The analytical model worked by calculating the displacement of the beam, then computing
the average moment along the cantilever to estimate the force on the piezoelectric material
to produce the voltage. By matching the two models voltages for a number of given tip
displacements, it was calculated that a gsi value of 0.13 Vm/N was required for the
analytical model. This was a reasonable number for the material and less than voltage
constant of PVDF as expected. The key results for this section are listed in Table 6-6.
Table 6-6 Key results and percentage error

Parameter

Measured

Damped Resonant Frequency (Hz)

375.4

Maximum Displacement at Resonance (mm)
0.1 g
Maximum Voltage at Resonance (mV)
0.1 g
Damping Ratio

0.275

6.4

805
0.00085

Analytical
(%err)
374.6
0.21%
0.264
4%
800
0.62%
0.0024
182%

FEM
(%err)
375
0.1%
0.277
0.7%
800
0.62%
0.00085
0%

15 ixm Thick Tyndall Energy Harvester

The parameters for this energy harvester are listed in Table 6-7. The energy harvester was
analysed at base excitation acceleration levels ranging from 0.25 g to 1.2 g peak to peak and
the frequency was swept from 50 to 70 Hz for each test. The root mean squared current was
measured with an Agilent 34410A 6.5 Digital multimeter and this was used to calculate the
power.
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Table 6-715 Thick Tyndall Energy Harvester Parameters

Cantilever
Cantilever
Cantilever
Cantilever
Cantilever
Cantilever
ALN
ALN
ALN
ALN
ALN
ALN
ALN
ALN
Mass
Mass
Mass
Mass
Mass
Mass

Device

Parameter
Length (m)

0.002
0.007
15
Silicon
2329
130
0.002
0.007
0.45
Aluminum Nitride
3260
1.1
2.48
1
0.008
0.007
0.0004
Silicon
2329
130

Width (m)
Thickness {\im)
Material
Density (kg/m^^
Young's Modulus (GPa)
Length (m)
Width (m)
Thickness (fim)
Material
Density (kg/m^^
Young's Modulus (GPa)
Capacitance (nF)
Impedance at 60 Hz (MO)
Length (m)
Width (m)
Thickness (m)
Material
Density (kg/m^^
Young's Modulus (GPa)

From Datasheet
From Datasheet
From Datasheet
From Datasheet
From Datasheet
From Datasheet
From Datasheet
From Datasheet
From Datasheet
From Datasheet
From Datasheet
From Datasheet
Measured
Measured
From Datasheet
From Datasheet
From Datasheet
From Datasheet
From Datasheet
From Datasheet

Cantilever

Figure 6-50 Schematic of Power Circuit

Figure 6-50 shows an electrical schematic of the system and Figure 6-51 to Figure 6-54
inclusive show the response of the device at the different acceleration levels. The figures
show that the device had a nonlinear response to base excitation. Although the resonant
frequency of the device had been measured to be 61 Hz, the results show that the resonant
frequency shifted when acceleration was applied. The higher the acceleration, the higher
the resonant frequency. The results also show that at all acceleration levels tested, once a
certain frequency was reached, the power plummeted. At 0.25 g the device reached 64 Hz
before output power had a step change decrease, but when accelerated at 1.2 g the device
reached 66 Hz before a similar step change. Figure 6-51 shows how the device responded
differently depending on whether a forward or reverse frequency sweep was performed.
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Figure 6-5115 g.m Tyndall Device - Power with 1 MO Load

50

55

60

65

Figure 6-52 15 g.m Tyndall Device

-

Power with 3 MO Load

70

Frequency (Hz)
Figure 6-53 15 urn Tyndall Device - Power with 3 MO Load

Figure 6-54 15 gm Tyndall Device - Displacement

The response of this device is typical of a fixed-fixed type cantilever \A/ith a mass in the
centre as described in section 2.5. The nature of a fixed-fixed type cantilever means it is
susceptible to stress or stretch stiffening causing a nonlinear response. As this device had a
cantilever 15 pm thick and a large proof mass, it may have been stress stiffening causing the
nonlinearity. With the aim of the final device to have a resonant frequency of 20 to 30 Hz,
enabled by a cantilever thickness of 6 pm, this stretching may be very significant. Although it
could cause reliability issues, it widens the device bandwidth and may be a positive
attribute. However modelling this nonlinearity was not in the scope of this research.

6.5

Chapter Summary

Looking at the results from all four energy harvesters a similarity between them all was; they
all recorded their maximum relative displacement at their respective resonant frequencies,
and this correlated to their maximum recorded voltage or power. This is as expected. One
major challenge that became apparent was how to accurately measure experimentally and
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input damping into each model. Although previously demonstrated to work effectively,
conversion from a damping ratio to Rayleigh damping coefficient did not consistently prove
accurate. For this reason, it was felt necessary to extract the damping ratio back out of the
COMSOL model using a transient analysis and compare it to the experimental value. The
analytical model showed more accurate results for the two COTS energy harvesters with a
percentage error as low as 0.9% at resonance. This may have been because of the
assumptions made in the Euler Bernoulli beam theory. It states the beam should be at least
10 times longer than it is wide and if a mass is added, it is modelled as a point mass at the
tip. The two Tyndall energy harvesters had a very short cantilever with a long mass. This
suited the 3D COMSOL model and the modelled results match the experimental results with
a percentage error under 1% at resonance. The analytical model was useful for fast
predictions of displacements and voltages at resonance but for detailed analysis of mode
shapes, frequency sweeps, voltage and power produced and the effect of resistive load the
FEM COMSOL model showed superiority.
When the COMSOL model was used to simulate 50 pm thick Tyndall harvester, excited by
the recorded acceleration data from a live sheep heart, it only produced Pico Watts. This
may have been because the devise resonant frequency was so far from the targeted 20 to
30 Hz required to capture the energy of the heartbeat. This is because the target thickness
of the energy harvesters was just 5 pm, but they proved difficult to manufacture as they
became so fragile at this low thickness. Even the 50 pm Tyndall devices were susceptible to
brittle fracture when excited at just 1 g at resonance. This suggested that it may be more
achievable to reduce the resonance frequency of the harvesters by adding more mass rather
than decreasing cantilever thickness. As reducing the thickness reduces the reliability.
Another issue of reducing the cantilever thickness was revealed when analysing the 15 pm
thick Tyndall harvester. It showed a nonlinear response and a shift in resonant frequency
depending on the amplitude of acceleration. This is similar to the response of fixed-fixed
type beams that are susceptible to stress stiffening but would need to be investigated
further to say for certain and was out of the scope of this research.
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Chapter 7 Conclusion
The objectives of this research were to understand the key parameters that influence
piezoelectric energy harvester performance, model piezoelectric energy harvester system
operations, develop suitable test equipment and procedures and use experimental data to
validate the developed

models. By understanding how device

parameters effect

performance, designs can be optimised for power generation and reliability. The study
complete on piezoelectric material coverage revealed that the Tyndall energy harvesters had
been optimised for power generation. The results showed that it is not always advantageous
to add more piezoelectric material. Depending on the shape and thickness the optimal
coverage of piezoelectric material will differ.
By developing models, the energy harvester key parameter for optimal performance were
established. Using these models, it was demonstrated that energy harvesters can be tuned
to a required frequency, optimised for power generation and optimised for reliability, fast
and effectively, using parametric sweeps. To develop the models and suitable test
equipment, COTS energy harvesters of similar scale and frequency were used. With the aid
of the harvesters the mini vibration shaker was developed and validated against an
electromagnetic shaker. The mini shaker was designed to test the project harvesters whose
resonant frequency was below 100 Hz. The mini shaker was shown to be able to produce a
controlled sinusoidal vibration up to it targeted frequency. Its size made it portable and
meant it could be used with a Polytec laser Doppler vibrometer, where simultaneous
measurement and excitation had been previously impossible. Is was successfully used to
analyse Tyndall's 15 pm thick devices where the nonlinearities were discovered.
The analysis complete using the aluminium beams on the electromagnetic revealed that
when the beams hit resonance, the shaker clamping plate became unstable. At resonance
the mass of the aluminium beam created a torque on the plate causing it to rock back and
forth as it vibrated vertically. This flexibility in the clamp caused a shift in the resonant
frequency of the beams and meant they couldn't be modelled accurately as their response
was unpredictable. The COTS harvesters were used to verify the shaker was suitable to
analyse the Tyndall energy harvesters. It was found that the low mass of the harvesters had
no noticeable effect on the shaker. Electromagnetic shakers are widely used in vibration
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analysis, proving they can become unstable even \A/ith relatively small masses attached was
an important discovery in this research.
It was important to validate test procedures and equipment before the final experimental
analysis was complete on the Tyndall harvesters as there was very limited samples available.
To measure the devices mechanical response, a high speed camera and laser displacement
sensors were used. The laser sensors gave accurate one dimensional displacement
recordings, while the high speed camera gave a clear visual representation of how the
devices were responding. The COTS harvesters were again used to fine tune how the test
equipment was set up to record the most useful information. This step in preparation was
key as when testing the Tyndall harvesters commenced it was revealed they were extremely
fragile.
The FEM COMSOL model developed for the COTS energy harvesters revealed where the
difficulties lied in the 3D modelling technique. The damping became an apparent problem as
the experimentally measured damping ratio could not be input directly into COMSOL. The
damping ratio had to be used to calculate two Rayleigh damping coefficients. This process
requires two damping ratios for two separate vibrations modes and as only one could be
measured experimentally there was a probability of a degree of error in the calculation.
Therefore, in order to know how much damping the FEM model was experiencing, a
transient analysis was run and the damping extracted. For the COTS energy harvester with a
tip mass, it was revealed that although the damping ratio used to calculate the Rayleigh
coefficients was different to the experimentally measure value, the value extracted from
COMSOL was the same. With this known, it was found that the FEM modelled displacement
matched the experimentally measured displacement at resonance. The FEM model
consistently over predicted the open circuit voltage of the Mini Sense energy harvester. This
may have been because COMSOL assumes perfect electrical properties, where in reality the
mass produced COTS harvesters probably fell below perfect. The exact electrical properties
were not known for these devices and the required specialist equipment for measuring
them was not available. When modelling the COTS energy harvester without a mass similar
issues were apparent. The model only matched the experimental displacement at resonance
and lost accuracy by up to 35% error at 65 FIz. The open circuit voltage was over estimated
continually, apart from at resonance this time. When the damping was extracted from
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COMSOL, it revealed that the damping ratio was difference between cycles suggesting the
model was not fully converged. The FEM model was most accurate for modelling the COTS
energy harvesters at resonance. The difficulty in applying the correct damping to the model
became apparent and the fact that not all device parameters were known, meant there
were some differences between the modelled and measured results. Using what was learnt
from the COTS harvester, meant more accurate models of the more important Tyndall
harvesters could be developed.
The two dimensional analytical model developed for the two COTS energy harvesters
showed better results that the FEM model. The experimentally measured damping ratio was
directly input into the analytical model and the displacements of both the COTS harvester
with a mass and the massless harvester matched the experimental values. The analytically
modelled open circuit voltage for both devices match the measured values when the Euler
Bernoulli method was used. Both the COTS devices were simple cantilever type energy
harvesters which seemed to suit the analytical models assumptions. The device without a
mass was quite long compared to its width and the device with a mass, the mass was
concentrated at its tip.
When the Tyndall energy harvesters did arrive there was only a short time left in the project
so the knowledge gained for the COTS harvesters was invaluable. With only a few samples
available for analysis and the devices being so fragile, it was important to try record as much
data from each device before they failed. Despite the analytical model working very well for
the COTS energy harvesters, it was not so well suited to model the Tyndall energy harvester.
When the analytical model was developed of the 50 pm Tyndall harvester and compared to
the measured data, it was clear the systems did not completely match. The analytical model
had been developed with the assumption of a point mass at the tip and the Tyndall design
did not fulfil this assumption. The difference in mass geometry meant the 2D analytical
model required a damping ratio far in excess of the measured value. Flowever with the
modified damping ratio and a voltage constant extracted from the FEM model, the analytical
model could make fast and accurate predictions. Its speed would be its advantage over the
FEM model. Fast and accurate predictions could be made for displacement or open circuit
voltage for varying acceleration levels.
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As Tyndall had fabricated the devices, they were able to supply the mechanical and electrical
specifications. This meant, where the 3D FEM model on COMSOL had previously been partly
inaccurate for the COTS harvesters, it was now extremely accurate for the Tyndall
harvesters. Again the damping was extracted from the model to confirm it matched the
measured damping ratio. The modelled displacement, open circuit voltage and power across
all measured acceleration levels and frequencies match the measured data. This was the key
result of the research and meant the validated model could be used to estimate the power
available from a heartbeat. Recorded acceleration data from a live sheep heart was input
directly into the model. A transient analysis revealed the 50 pm harvester (as expected) was
not suited to capture the energy available in the heart. The resonant frequency of the device
was just too far away from the natural frequency of the heartbeat.
With only a few samples for testing it was not possible do a complete reliability analysis on
the Tyndall device. However, when testing the devices it was very apparent how brittle they
were. There was also a nice correlation between where the FEM model predicted the
maximum stress concentration at the base of the cantilever and where the devices failed.
One device was recorded on high speed camera breaking at a peak to peak displacement of
3.2 mm. This was modelled to have 1 g of acceleration and a maximum stress in the silicon
of 0.712 MPa. This was in line with fracture stress levels previously recorded by Tyndall on
similar devices. If more test specimens were available, there could be an extensive reliability
analysis to try to consistently predict when and how the harvesters would fail. As described
in chapter 2, reliability tools such as accelerated testing through humidity and temperature
variation could be employed as well as increased acceleration levels and this may be carried
out in future work. A key finding in this research is that in order to have any chance of
capturing the energy from a heartbeat the device must match the frequency of the energies
available. This required a harvester with a 5 pm thick cantilever. The 50 pm thick devices
were susceptible to fracture at low acceleration levels and the 5 pm thick devices failed
during fabrication. This suggests silicon cantilevers at this scale and frequency may never
reach the reliability requirements of an implanted pacemaker. Also the 5 pm thick devices
may show the same or worse nonlinear response recorded in the 15 pm thick devices. The
effect of this suspected stress stiffening on the reliability would also require detailed
investigation.
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The summarised conclusion of this research is that for the proposed MEMS energy harvester
design if all the material and electrical properties are known, the developed FEM model can
make accurate predictions of the energy harvester's response and performance. It was also
recorded that the 50 pm thick Tyndall harvester had a resonant frequency too far away from
the required 20 to 30 Hz range. As a result, when modelled it harvested no useable power
from a heartbeat.
The future work on this project that would like to be pursued would be; a detailed reliability
analysis of the Tyndall energy harvesters with a large sample size and an investigation into
the nonlinear response recorded on the 15 pm thick Tyndall energy harvesters.
7.1

New Developments to the Field
•

Designed and developed custom test equipment to allow a detailed analysis of
custom built low frequency energy harvesters.

•

Developed both analytical and finite element analysis models to optimise custom
built energy harvesters.

•

Used experimentally validated models to predict the potential energy available for
harvesting from within a human heart.

•

Used experimental testing and modelling to demonstrate to challenges faced when
trying to harvest energies at frequencies below 100 Hz on a MEMS scale.

•

As a credit to the developments in the field, some results of this work were published
in the "Journal of Physics: Conference Series" Volume 757. Titled "Characterization of
piezoelectric device for implanted pacemaker energy harvesting"
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